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ABSTRACT 

A sinusoidal RC-oscillator built around a current-controlled 
current amplifier is presented. Three main problems associated with 
RC-oscillators, namely poor frequency performance, amplitude drift and 
a large temperature coefficient of frequency, are addressed, and ways of 
solving these problems are discussed. The large temperature sensitivities 
typical of active RC networks were reduced by eliminating the active 
portion of the drift. This was accomplished through the use of thermally 
balanced amplifiers whose operation is independent of transistor 
parameters. It is shown that the frequency performance of a typical 
Wien-oscillator is significantly improved when fast current amplifiers 
are used to replace commercial voltage operational amplifiers. The 
generation of a sinusoidal signal directly from the oscillator gave a lower 


total harmonic distortion (THD) than in the more popular approaches using 


multivibrators and shaping networks. 

A new method for stabilizing the amplitude of oscillation has 
been developed. It employs a high frequency rectifier and a comparator 
in a feedback loop which is connected to the RC network of the oscillator 
through an active current divider. The feedback loop regulates the 
current in the RC network and thereby stabilizes the amplitude. A 
linear automatic gain control (AGC) model was developed and the stability 
requirements for the amplitude control loop were studied. 

Frequency stabilization for oscillators is a very difficult task. 
Most communication systems requiring tight frequency stability incorporate 


frequency synthesizers which have a large IC count and are expensive. 
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In this presentation a low-cost frequency stabilization scheme is 
described. A variable gain current-controlled current source (CCCS) 

was combined with a modified Wien-bridge oscillator to realize a 

current controlled oscillator (CCO). The frequency was stabilized by a 
feedback loop in which a frequency to current converter and a current 
comparator are the main control elements. The feedback controlled CCO 
has a linear tuning characteristic. It also incorporates AM, FM and 
FSK capabilities. The results show that it is possible to reduce the 
thermal drift of frequency for a general purpose RC-oscillator by more 
than an order of magnitude with a circuit which is completely realizable 


as a small scale IC. 
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CHAPTER I 
INTRODUCTION 

As monolithic and hybrid microelectronic circuit technology 
continues to bring great changes to the art and techniques of 
linear circuit design, new circuit SRS Re are being developed 
to improve the high frequency emtautcuces linearity, temperature 
Stability and reliability of iipepeetes eaiase Savings in cost 
and space are considerable and the design of electronic systems becomes 
much easier when integrated circuits (ICs) are used as building blocks. 
The present state-of-the-art is still faced with extreme limitations 
in the integration of certain components. While capacitors are limited 
to values too low to be of any practical use as coupling or bypass 
components at medium and low frequencies, inductors of any practical 
use for frequencies below the microwave range are hardly available. A 
typical diffused capacitor takes a relatively large die area of about 
16 mils square for 30 pF compared to 56 mils square for the entire 741 
OP AMP chip, and 1.23 mils square for a typical transistor [1], 
The maximum value of inductance available in microelectronic form is 
about 7 microhenry 2]. 
Lek Background to the Problem 

In conventional RC oscillators the frequency determining components 
are resistive or capacitive, and this implies that if a variable 
frequency oscillator is to be designed there should be some means of 
varying these components. Since IC resistors and capacitors are 
temperature dependent, the frequency of an RC oscillator realized in 
monolithic form is very temperature sensitive [3], [4]. There are 


three main contributions to this sensitivity, namely the amplifier gain, 
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the passive frequency determining components, and the amplifier non- 
linearity all of which change with temperature. Recent studies [4] 
have shown that the sensitivity contribution due to the passive elements 
is dominant, and a compensation scheme based on temperature-controlled 
Miller multipliers has been used to make the RC products in the 
oscillator feedback path temperature invariant. 

In addition to frequency stability, other properties required 
for the output of a sinusoidal RC oscillator are good amplitude stability 
and low harmonic distortion. These properties are interrelated and 
they depend on the type of amplifier and frequency selective network 
used in the oscillator [5]. For a high degree of frequency stability, 
nonlinear operation must be avoided since it limits the amplitude and 
produces undesirable harmonic components in the oscillator output 
waveform [6], [7. ch. 5]. In order to minimize the effects of non- 
linearity, operation at low amplitude and the use of automatic gain 
control (AGC) circuitry to achieve amplitude stabilization are essential. 
This ensures that the amplifier operates in the linear region of its 
transfer characteristic. 

The present trend in RC oscillator design has been in the direction 
of voltage-controlled oscillators (VCO), and very little is known 
about their current duals, that is current-controlled oscillators (CCO). 
This is mainly due to the fact that operational amplifiers, the most 
widely used building blocks in the market today, have high input impedance 
and low output impedance. These terminal properties make these 
amplifiers ideal for the design of voltage-driven networks. In this 
presentation, however, it will be shown that current-controlled networks 
have a number of attractive features which may lead to better RC 


oscillators. As well current amplification and current-sensitive AGC 
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leads to a more convenient and accurate amplitude stabilization scheme. 

RC oscillators have been used for a long time in medium and low 
frequency applications where bulky inductors would be inconvenient. For 
high frequencies, however, LC oscillators in discrete form with suitable 
wide-band amplifiers are preferable. 

Moving from discrete component circuit realizations to IC 
oscillators is not straightforward as the latter has many fabrication 
limitations. The main problem arises from the fact that integrated 
chip inductors are still impracticable and undesirable due to capacitive 
coupling between the substrate and the metallized spirals of the 
inductive coil and between adjacent spiral lines. This limits the 
value of the inductance that can be fabricated on a chip and lowers the 
Q-factor of the coil. For the purposes of this project and other 
related designs where the frequencies of interest are far below the 
microwave range the use of inductors as integrated components is not 
considered practical, at least for the present time. 

Integrated oscillators are therefore inductorless, and they have 
direct-coupled stages and very low total capacitance. As such, the 
resulting circuits are different in nature and capability from their 
discrete counterparts. In fact they have poorer frequency performance 
with bandwidths typically < 1 MHz. Thus in order to extend the upper 
frequency limit of integrated oscillators the design philosophy has 
to be re-examined and new circuit configurations must be used. 

1.2 Goals of the Project 

The purpose of this project was to design an RC oscillator for 

high frequency applications using integrated circuit techniques. This 


oscillator was to have a frequency performance and thermal properties 
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better than those reported in the literature. Three main goals 
were set: 

ee to extend the upper frequency limit by about an 

order of magnitude; 

ae to regulate the amplitude of oscillation to within 

1% using AGC techniques; and 

Sis to ene frequency stability better than 1000 ppm/°C. 

It is clear from these goals that all the main problems of integrated 
oscillators are dealt with in. a single project, thus making this 

work more complete than Os has been reported elsewhere on this topic. 
1.3. Main Features 

In addition to the completeness of the problem, the results were 
encouraging in that all the goals were met. This was the result of 
carefully designed circuit blocks which have a number of interesting 
features. A few of these may be mentioned here. The amplifier which 
maintains the oscillations is built using circuit blocks which have 
a wide bandwidth comparable to the f. of the transistors. Also it is 
a near-ideal current amplifier with current-controlled gain. 

A very efficient scheme for amplitude control has been developed 
using a high-precision rectifier circuit which continuously monitors 
the amplitude and gives a proportional dc output. This output was then 
converted into a current which was used to control the positive feedback 
current in the RC frequency selective network without disturbing the 
gain condition for oscillation. The effectiveness of this approach is 
enhanced by negative feedback from the output of the oscillator to the 
amplitude control input which works as a current divider. It has been 
found that very excellent amplitude regulation is possible using the 


circuit designed in this project, and indeed future studies will be 
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2 
devoted to identifying the parameters which characterize the performance 
of this circuit. This project was partly an effort to describe an 
accurate model for automatic gain control for oscillators, a topic which 
is not covered well in existing publications. 

Frequency control has been achieved using a method which breaks 
the tradition of thermal compensation for individual elements as in 
[4] or external trimming with variable components. It is demonstrated 
in this work that it is possible to regulate frequency using gain- 
controlled circuit blocks and feedback techniques. The idea of shifting 
the designer's attention from individual components to system blocks 
is very important since this is one of the attractive features of 
integrated circuit design. 

The output frequency of the oscillator is accurately monitored 
by a frequency to current converter which produces a current proportional 
to the frequency. This signal is then compared with a reference 
current which is fixed at some desired value. A current comparator is 
used for this purpose and it is designed to give an error signal which 
increases when the output frequency of the oscillator exceeds the 
desired value and vice versa. The frequency control feedback loop is 
completed by connecting the output of the comparator to the control 
input of the CCO whose tuning characteristics are such that the frequency 
of oscillation decreases when the magnitude of the control signal 
increases. Thus the feedback action opposes frequency drifts and a 
very stable CCO results. | 

Many applications in digital design, communication and signal 
processing require more than just a fixed frequency sinusoidal oscillator 
with low temperature sensitivities. The oscillator which has been 


developed may be tuned using an external analog input signal. One 
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important feature of the circuitry used is that the frequency stability, 
amplitude and distortion level of the sine wave output are fairly 
insensitive to the tuning process. 

Other convenient features of the complete oscillator include the 
FSK (frequency shift keying) capability which is very useful in data 
transmission, AM (amplitude modulation) and FM (frequency modulation) 
which are important in telecommunications, and frequency sweep which 
has a variety of applications. In addition to the sine wave output, 
the oscillator also produces a synchronous square wave and an in- 
dependent triangle wave output. All three waveforms (sine, square and 
triangle) are produced simultaneously, and this adds considerable 
flexibility in using this oscillator in a design. 

1.4 Presentation of the Material 

This report starts off with a brief review of the theory of 
oscillation. A convenient circuit configuration is chosen from a 
number of possibilities, the main criterion being compatibility with 
integrated circuit requirements. In Chapter II, it is concluded that 
the Wien circuit has the desired Pitereriatice’ In Chapter III, 
simple circuits are used to study the functioning of a sinusoidal 
oscillator with a subsequent identification of parameters which limit 
bandwidth and thermal stability of amplitude and frequency. 

After setting the objectives and direction for this work using 
the considerations of the introductory chapters, the basic circuit 
blocks are designed. These include an oscillator built around a 
current amplifier and a fast wide-band operational amplifier. A full 
account of the design and testing of these circuits is given in Chapter 


IV. 
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The control part of the design is discussed in two chapters. 

An AGC model is developed for oscillators and practical circuits are 
designed as outlined in Chapter V. Frequency control is dealt with 
in Chapter VI. 

It is evident from the results of Chapters IV-VI and the overall 
characteristics of the complete oscillator circuit given in Chapter 
VII that this work has proved to be quite successful. This attempt 
to use new ideas and circuits has not only led to good results, but 


it has also created opportunities for future study. 
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CHAPTER II 
BASIC THEORY 

RC oscillator circuits differ in topology and complexity. 
Some can be realized using only one amplifier block with two RC sections 
while others may require either more RC sections, more amplifiers or 
both. With each of these circuits there is a minium value of amplifier 
gain which is required to start the oscillation, and this gain condition 
may differ from one circuit type to another. This means that for a 
given amplifier, or amplifiers with similar characteristics, oscillators 
with different maximum frequency limits — be realized since the 
maximum frequency of oscillation is related in some way to amplifier 
bandwidth, and bandwidth varies with gain. 

In order to simplify the study of oscillators it is convenient 
to classify them according to their common properties. It is from 
this kind of classification that one may easily choose a circuit to 
suit a certain application given the design and fabrication constraints. 
A convenient class of oscillators was chosen, and this chapter outlines 
the basic theory of oscillation as applied to a specific circuit, the 
Wien-type oscillator. 
2.1 Classification 

One simple way of classifying RC oscillators is by examining 
the effect of the frequency determining RC sections together with the 
gain elements on the feedback sigaat Thus simple oscillator circuits 
fall into two groups: the group of zero phase shift or Wien-type 
oscillators, and that of 180 degrees phase shift or single-loop 


oscillators. The zero phase shift class of oscillators normally has a 
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shunt RC network and a series RC network which provide phase 
cancellation. Other types of RC networks may be used to obtain the 
necessary zero phase shift, but these networks are more complex and 
uneconomic to fabricate in integrated form since they have more than 
two tuning capacitors. 

A basic oscillator circuit using a single amplifier is shown in 
Fig. 2.1(a) in which K represents the gain and phase shift (zero or 
180 degrees) of the maintaining amplifier, and F(s) is the frequency 
selective passive network. From this generalized circuit two types of 
oscillators may be designed. The first type has the F(s) and automatic 
gain control (AGC) blocks connected in parallel as shown in Fig. 2.1(b) 
which is the Wien-type oscillator. The second type consists of a 
single loop in which the F(s) and AGC blocks are connected in series 
as shown in Fig. 2.1(c). The AGC block stabilizes the amplitude of 
oscillation and it is an essential part of any practical oscillator. 

From a circuit theory point of view, oscillators and active 
filters are quite related. In fact oscillators may be defined as 
conditionally stable active filters whose poles are adjusted to lie on 
the jw axis at s = Ae and whose inputs are grounded. It is therefore 
common practice to derive the properties of an oscillator from a study 
of the corresponding filter. 

One of the most effective ways of studying the dependence of 
active filter poles on the topology and components of circuits is the 
use of the root locus analysis. From this analysis it is possible to 
relate the gain and sensitivity properties of filters to the type of 
decomposition of their characteristic polynomials. 


The characteristic equation (the denominator of a transfer function 
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(a) Basic Oscillator 


(c) Single-loop Oscillator 


(b) Wien-type 
Oscillator 


Fig.2.1. Oscillator Configurations 


Fig. 2.2. Wien-type RC oscillators 
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of an active filter equated to zero) may be divided into two parts, 
the "active portion" which is dependent on the amplifier gains and 


the "passive portion" 


which does not contain gain terms. Whereas the 
passive portion of the characteristic equation determines the type of 
filter in terms of the order (first or second) of the decomposition, 

the active portion determines the class of the filter. Complete inforn- 
ation on active filter classification is given in Appendix A. 

The classification of oscillators follows closely that of active 
filters. As pointed out in Appendix B, not all RC filters give rise 
to RC oscillators. A quick test for this is to examine the root locus 
and see whether it crosses the jw axis while gain is finite. If it 
does, then the filter may be used to realize an oscillator. Gain and 
sensitivity limitations for filters may be used to derive gain and 
sensitivity limitations for the corresponding oscillators by letting 
Q-> ein Table A.1 of Appendix A. 

It is evident from Appendix A and Appendix B that second order 
oscillators of class B (in which the active portion of the characteristic 
equation is a function of HE only) are attractive for integrated circuits. 
They have low gains, simple topologies and zero active Wo sensitivity. 
The Wien-type oscillator belongs to this class. 

Using the results of root locus analysis, it is easy to decide 
on the oscillator type most suited for a given task. The choice of 
the practical circuit is influenced by the design constraints, the gain 
requirements of all possible circuits, parameter sensitivities and the 
tradeoffs involved. For integrated oscillators, however, the design 


constraints limit the number of convenient circuits to only 
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a few and the choice is relatively easy. 
2.2 Choice of Convenient Circuit 

To decide on an appropriate circuit configuration, a number of 
points must be examined. These include the minimum number of charge 
control devices and the gain requirements of the maintaining amplifier(s). 
Whereas the zero phase shift class of oscillators requires a minimum 
of two reactive elements, the single-loop class must have at least 
three reactive elements. This implies also that more charge-control 
devices may be needed in the latter case due to the need for isolation 
of the passive networks at some point to ensure proper operation. 

A study of the minimum sum of the circuit time constants for a 
given frequency of oscillation shows [8] that the time constants in 


each circuit configuration should be equal, that is R,C The 


ery Sha eer 
importance of minimum time constant of a circuit is viewed here as a 
saving in the die area required for the fabrication of the passive 
components. Since the critical loop gain for oscillation is related to 
the time constants, variable frequency operation will be achieved by 
simultaneously changing the time constants in all RC branches. As it 
is not easy to obtain perfectly tracking RC products in monolithic 
circuits, the fewer the time constants the better. 

Lastly, the Wien-type configuration is the simplest known arrange- 
ment with the lowest minimum gain requirement of 3 as compared to 8 for 
the single loop oscillators. This implies that for a given type of 
amplifier, the Wien-type configuration may reach higher maximum oscillation 
frequencies than the single loop configuration. 

All the above considerations favour the Wien-type oscillator, 


and thus it was chosen as the building block of the oscillator to be 
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13 
designed. The basic oscillator may be built on four types of amplifiers 
as shown in Fig. 2.2, where Fig. 2.2(a) uses a current-controlled current 
source (CCCS) with a current gain K,> Fig. 2.2(b) uses a very well 
known voltage-controlled voltage source (VCVS) with voltage gain Ky 
Fig. 2.2(c) uses a current-controlled voltage source (CCVS) with gain 209 
a transfer impedance, and Fig. 2.2(d) uses a voltage-controlled current 


source whose gain Y, is a transfer conductance. Whereas the last two 


7 
are completely new oscillators [9], [10] and experimentation with them 
has not yet been reported, work on the circuit configuration in Fig. 2.2(a) 
is still in the beginning stage. 

Although the frequency of oscillation and the oscillation condition 
are the same for all the four circuits of Fig. 2.2, the influence of 
the terminal properties of the amplifiers to these parameters are quite 
different. This is discussed further in the sections which follow. 
2.3. The Oscillation Condition 

Since the current amplifier type of the Wien oscillator is to 


be used in the final circuit, the analysis which follows is based on 


Fig. 2.2(a) in which the loop gain L(s) may be expressed as 
L(s) = >——_ Cah) 


where Zz is the impedance of the series RC network and Z, is the 
impedance of the parallel RC network. The return difference T(s) is 


given by 


T(s) = 1 - L(s) (232) 
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It will be assumed in (2.2) that the amplifier is ideal, meaning that 
it has zero input impedance and infinite output impedance plus the 
absence of charge storage effects. The last assumption means that 
the frequency of oscillation is much less than the beta cut-off frequency 
of the transistors [38], Pil The frequency of oscillation is 
determined by the zeros of T(s) which are the roots of the polynomial 
P(s) expressed as 

Pleas =i (R)C, + FF Cy =f RC. K;R,C,)s 


Ze 2k 


+R. C.R-C_s (233) 


Harmonic oscillation occurs if the zeros of P(s) are on the jw axis, 
a requirement which is met if the coefficient of s in (2.3) is zero. 


This yields the maintenance or oscillation condition given by 
(24) 


In practice K. should be greater than the value indicated in (2.4) 
in order to ensure oscillation. 


When (2.4) is satisfied, the zeros of (2.3) become 


5 
z ) 


= + j/(R,C,R,C (2.5) 


says Laden 


and the frequency of oscillation Wo is given by 


1 
om 45 
Wo 1/(R,C,R,C,) (2.0) 
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It is interesting to note here that for equal time constants 
(Ry = R, = R and C, = C, = C) we obtain Lae 1/RC, and (2.4) gives the 
critical value of K. = 3. Also Z,/ (2, a Z,) aE ioe Lis)etele TCs )e =O, 
and the phase shift of (2.1) is zero. 
2.4 Limitations on Oscillation Frequency 

In order to understand the performance of a practical oscillator 
it is useful to start from the fundamentals. As described in the 
previous section, the loop gain L(s) has to maintain a value of 1 if 
harmonic oscillation is to be achieved. If the amplifier of Fig. 2.2(a) 


is removed, the resulting circuit shown in Fig. 2.3 will have a transfer 


function 


pets) (i (s) = Z,/ (2, + Z,) > 


and it may easily be shown that this transfer function has poles at 

s = -2.62/RC and s = -0.38/RC. As the poles are real and negative 

the natural response consists of exponentially decreasing time functions. 
If an amplifier of gain Ky is introduced to obtain the arrangement in 


Fig. 2.2(a) then the loop gain condition 


L(s) = 1 = K,i,(s)/4,_(s) 


being satisfied means that the network losses will just be made up by 
the amplifier. The above condition may be expressed in full (for equal 


time constants) as 


K,sCR = a CRA + 3sCR + 1 
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which gives 


s°CoR™ = sCR (3-K, ) +12=0 (2,7) 


The locus of poles of the Wien bridge (or zeros of (2.7)) is shown 
PTC tO ue. ae POT 10. < K. < 3 we get an amplifier or filter whose type 
depends on the zero location [12 ch. 4] as shown in Pigs 2255, Sihis 
gives a clear indication that the theory of RC oscillators and RC 
filters are quite related. If K > 3 the oscillation will grow until 
limited by the output capabilities of the amplifier. 
The only time the output is purely sinusoidal is when K, = 3. 
This is equivalent to saying that the amplitude of oscillation will 
be constant if the poles are kept exactly on the jw-axis. The need 
for some form of automatic gain control is therefore obvious, since it 
is practically impossible to keep the gain exactly at the value of 3. 
Usually one starts with a gain slightly greater than 3 so that 
the poles are in the right half s-plane, but as close as possible to 
the jw-axis. In the practical oscillator circuit shown in Fig. 2.6, a 
current OP AMP with dual out-of-phase outputs is used. The negative 


feedback factor, or simply negative feedback, may be written as 


BL = R,/(R, a8 Ry) CAND) 


while that for the positive feedback via the RC frequency selective 


network, call it B,, is given as 


nes 


B, = Z,/(Z, “ Z.) (23.9) 
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Fig. 2.3. Passive RC Network 


Fig. 2.4. Locus of oscillator poles as a function of gain 
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Now the current gain with feedback equals 1/B, which is slightly less 
a 
than 3 by a small number b (as the current gain is slightly greater 


than 3), and negative feedback provided by B, is less than the positive 


zi 
feedback B,- This information is now to be used to describe the 
performance of a Wien bridge oscillator. 


Using (2.9) and Fig. 2.6, the feedback factor B, may be expressed 


2 


as 


if 


°2 ~ @ + Gla, — u Jay) 


C2eTO? 
which gives B, = < at w= Wo. Although the selectivity of the Wien 
network itself is poor and would provide unsatisfactory frequency 
stability and harmonic rejection (12-chemot. (13 pp. 67Z, 689], the 
complete bridge circuit combining both positive and negative feedback 
and operating near null has a considerably improved selectivity. 

Since B, = ols b where O < b < = the overall feedback factor, call 


PE ge 


it B, becomes 


so that at w = Wo» Ba= > b. eit Koy is the open loop current gain of the 
amplifier then, for the oscillation condition K, B = 1, b may be 

io 
expressed as 


optic 
b=i (2.41) 


So the deviation of the negative feedback from its ideal value is limited 
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Fig. 2.5. Pole-zero configurations for active filters 
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by the amplifier open loop gain, and the bridge would exactly balance 

if the amplifier gain Ko were infinite. In practice this is not the 
case and some imbalance must therefore remain. Thus a large current 
gain in the signal path is of great importance, and this can be achieved 
by, say, using high beta transistors for the maintaining amplifier. 

A close examination of the expression for K, given by the 
reciprocal of (2.8) indicates that temperature changes will not have 
serious effects on the operation of the oscillator as far as the gain 
and the oscillation condition in (2.4) are concerned, since ratios of 
similar components are involved and equal time constants are assumed. T 
frequency of oscillation, however, is temperature sensitive as mentioned 
earlier. If a certain change in temperature causes R and C to change 
by AR and AC respectively, the new frequency of oscillation, w, becomes 


(approximately) 


AR AC 


& = oMH- 7) (2522) 


where ade a - This equation is useful if temperature compensation is 
to be achieved by, say, making the temperature coefficients of R and C 
equal and opposite in sign [4], [14], [15], [16]. 

Other causes of frequency limitations include nonlinearities in 
the amplifier, a subject which has been widely studied eAlied Ee BIAE 
[18], bandwidth [19 pp. 519], and amplifier non-idealities [10], [20], 
and a comparison of the network stability factors shows [5] that Wien 
type oscillators are the best choice. 

The effect of a non-zero input impedance and a finite output 


impedance of a practical current amplifier may be determined using the 


eircuit of Fig. 2.7 in which R, is the input resistance, Cc, is the input 
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Fig. 2.7. Practical Wien-bridge oscillator 


ee 
capacitance, RO is the output resistance, and ee is the output capacitance. 
Through some tedious but straightforward algebra the new oscillation 


condition becomes 


R C 
Mpueitieed: tie (2e13) 
43 1 
where Ro» = R,//R Coo = C, af Co» and Kei is the current gain with 


feedback. Comparing (2.13) with (2.4) it is clear that the gain needed 
to start the oscillation in a practical oscillator is larger than that 
of an ideal circuit. The corresponding frequency of oscillation is 


given by 


a. = 1/R}CjRoCy5 01 + R,/R,)) 


2 
wi 2 R,/R,) 


CO cei aa aaa ae a Ce eae aR Care) 
1+ R,/R, + c/c, + RC /R,C, 
Thus at high frequencies 
2 1+ R,/R 
5 paepeher s/h S Te < ih ed Baye) hat (2.15) 
Wo free oO 2 ah Xoqe oe agers 
and at low frequencies 
w? 1+ R/R, 
LS te SEY al (r16) 
we 1+ R,/R, 


For low deviations of w from Wo the amplifier should have low input 


resistance, low output capacitance, and high output resistance. The 
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input capacitance, however, has second order effects which are negligible 
compared to those of other amplifier parameters. 

A similar analysis for networks based on Fig. 2.2(b) - 2.2(d) 
may be done with nonidealities included in the equivalent circuits of 
the amplifiers as shown in Fig. 2.8. A comparison of the results 
agrees well with those by Filanovsky [10], that in the low frequency 
region the current amplifier Wien-bridge oscillator has the smallest 
deviation of frequency. This may be partly due to the fact that a 
transistor in a common-base configuration meets well the requirements 
of a current amplifier both at the input and output, namely low input 
impedance and high output impedance. 

In the experimental circuits which will be discussed later, common 
base stages are used at the input and output to provide near ideal 
input-output characteristics while current amplification is obtained 
from an intermediate common-emitter stage. 

2.5 Variable Frequency Oscillators 

The discussion in the a tie sections has been focussed on fixed 
frequency oscillators. It is important to look into the possibilities 
of designing variable frequency oscillators for use in a variety of 
design problems in modern communication systems. They are often used as 
sweep oscillators, synchronized local oscillators in signal comparators 
and phase-locked demodulators [38], [21] and other general applications 
ranging from music to digital clocks. It is clear that the class of 
applications is broad and thus a good controlled oscillator should have 
a wide tuning range. The output signal should have small amplitude 
variations throughout the tuning range, and good linearity between the 
control signal and the output frequency should be maintained. 


As noted earlier the frequency determining elements in the Wien 
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bridge oscillator in its simplest form (Fig. 2.2) are the resistances 
R\> Ro, and the capacitances Cc) and C.. To change the frequency, either 
the resistances or the capacitances are to be variable, and this poses 
some problems. Firstly, if equal time constants are assumed it is 
not easy to obtain variable components which track each other exactly 
and this results in undesired changes in the properties of the positive 
feedback loop causing deviations in the frequency and amplitude. Secondly, 
it will be difficult to maintain the oscillations, and readjustment of 
the current gain may be necessary. To solve these and other problems, 
it is necessary to use more than one charge-control device. This 
increases the design freedom and frequency may be controlled without 
affecting the oscillating condition [22], [23], [48]. 

A class of RC oscillators incorporating two voltage amplifiers, an 
inverting amplifier and a non-inverting amplifier, was reported by 
Holt and Lee [24] who demonstrated that the frequency of oscillation 
could be varied by changing the gain of the inverting amplifier. The 
results showed that frequency scaling was possible, and whereas some 
circuits provide up-scaling or down-scaling, others have the same 
oscillating frequency as conventional Wien bridge oscillators. Of great 
interest are the two circuits shown in Fig. 2.9 in which the oscillation 
condition is independent of the gain of the controlling amplifier. The 
frequency of oscillation is down-scaled in Fig. 2.9(a) and up-scaled in 
Figo. 249 (be 

A general discussion of the properties required of both active 
and passive sections of a wide range of RC oscillators is given in P25, 
and a powerful method of generating sinusoidal controlled oscillators 
suitable for integrated circuits is presented in [9] where two fixed 


resistances and two fixed capacitances are used together with one or more 
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Fig.2.8. Practicalamplifiers 
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amplifiers. It was shown that one amplifier can be used to take care 
of the oscillation condition by confining the poles of the circuit on 
the jw-axis of the s-plane while the other amplifier (or amplifiers) provides 
a means of controlling the effective value of the RC time constant. This 
is more convenient than the circuit of [8] where an integrated VCO uses 
two field effect transistors (FETs) to realize two variable resistances 
for changing the frequency of oscillation, and the circuit of [21] in 
which a VCO has two variable gain eetirieres one for the oscillating 
condition and the other for the frequency of oscillation. 

The oscillators generated in [9] result from all possible 
combinations of RC networks and charge-control devices of Fig. 2.2 and 
the design in this report is based on those oscillator configurations 
which are less known. The main signal control mechanism is through current 
amplification rather than voltage amplification and a convenient AGC 


circuit has been used. 


aa 


Sta = 


: ' 
fo tiverts so to safle att onkik’ ties vd ‘ngra Hered ostaekte 26. 9 f 
7 - ’ : 


= ‘ * 4 ‘ e° er r 
etdT .stnelanros sait+ WA off! Te Ssukae sebiestte oft set tata » ansee 
y a We 

aa 


eldbasog ffs moat Fivass ed ia vE. basen: Wiw2a(itoao 


ttEl@me. ro) saltfidms ranio “a4 aiisiw enelewsa of? to eixa 2 | od 


i4J4t¢etnl oa oie 2 fe? 1 ) Akuaists sal Tew? jnstaeynes * on a 


-gil 76 gsctveb Lora “wares - Epes abvokiins DM ie anoks 


‘ 
* ‘ 
ad - 
‘a= ya ‘ 
ss 
@ 


at 0? hwy 3d can 3S rhifeie sno “pail ewan “_ \ , 4 P24 Een 


ey — a 


bs 


> 


at 

s sidsirsav ow! osrlasy of . (ree Sz otetenart aout bist 
: 7 

thugeks sdv fas ,qobvetieaes i9 tonoupst ong seta 


(4-7? ano . 8 Sip nbag atdatrev owt aad Ow a As. 


— oe 
rotidiitory Jo vangucass att ao tila of? an] natal 


= © 
BST o! 


aca s2ai? 99 hiomadd ai ts0ge% ‘ha ot agieal 
ai metredose foe Teta Dey nga atem eit etl ovat a 
Saving # bes Fat esi +t tua ogetinw aads ‘asta sets she 
Ls oe 


a 


CHAPTER III 
PRACTICAL CONSIDERATIONS 

A number of circuits have been designed and tested, and their 
performance has acted as a guide to the kind of limitations to be 
expected in high frequency RC oscillator design. The circuits are 
designed using discrete components, but wherever possible components 
are kept within convenient limits for integrated circuits. Coupling and 
bypass capacitors have been avoided wherever possible, and power drain 
was kept low. 
oy ps Experimental Circuit 

An RC oscillator based on Fig. 2.6 was designed as shown in Fig. 3.1. 
In this circuit the input stage, transistor Q,> is a common base 
amplifier whose current gain is nearly unity and its input impedance is 
very low. The common emitter stage with transistor Q, provides high 
current gain (approximately equal to the transistor beta), and the 


resistive current divider consisting of Re and RL determines the closed 
loop current gain of the amplifier via negative feedback. This current 


gain K, is given by 


iad ®) 


Since the transistors Q, and uP form a differential pair, transistor Q, 
carries the same current signal as Q, except for the polarity. Thus 

the signal appearing at the collector of the common base transistor stage 
Q. is out of phase with that of the collector of Q,- It may easily be 
seen that,with respect to the input at the emitter of Q, »X is an inverting 


output terminal and Y is a non-inverting output terminal. Thus the RC 
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28 
network is connected at Y to determine the frequency of oscillation as 
explained in the previous chapter. 

As fixed RC components were used, each set of R and C determines 
a single frequency of oscillation. To make observations for different 
values of frequency , it was necessary to vary Ror C. It was noticed, 
however, that the current gain given in (3.1) had to be adjusted almost 
every time the frequency was changed in order to get a reasonably good 
sinusoidal signal at terminal X. This arrangement is not suitable for 
the realization of a variable frequency oscillator, a fact which was 
given in Chapter II, and this may be explained as follows. The quality 
of the output signal depends greatly on the value of the amplifier gain 
as given in the oscillation condition (2.4), and also on the position of 
the oscillator poles as indicated by Fig. 2.4. When R and C are changed 
by replacing them with components of different values, the right hand 


side of (2.4) may assume any value in the interval 


AR . AC AR . AC 
eeecc. cee daly dears cai )] 


where &* and & are component tolerances for R and C respectively. We 
observe here that the part of the interval with values less than 3 is not 
of interest to this discussion as the corresponding current gain is 
less than 3 and no oscillation would take place. 

Assume that the tolerances for resistors and capacitors are 10%. 
Then the right hand side of (2.4) may deviate by as much as 0.4 from the 
nominal value of 3.0. This means that in practice the minimum gain 
required to start the oscillation may change when a different set of R 


and C components are used, and the worst case is determined by the 


tolerances of the components. It is this change in the practical gain 
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29 
requirement that alters the validity of (2.4) when the circuit gain is 
already fixed. In order to restore the equality for a better sustained 
oscillation the feedback components have to be adjusted accordingly. 

Although the oscillator may work with transistor Qe excluded from 
the circuit, there is a marked difference in the quality of the output 
when V is adjusted so that Q is on the edge of conduction. Im fact 


B6 


the amplitude is easily reduced by increasing V Therefore this 


B6° 


arrangement consisting of Qs» Qe and the control voltage of V acts as 


B6 
a simple amplitude regulator. It works on the principle that since the 
current drawn by Q, out of node N is a constant, or nearly so, and node 
N sums the current contributions from both Q; and Qe» sending Qe into 
conduction means robbing some (or all) of the current needed for 
oscillation in the RC network as Q. will conduct less current (or none). 
Q. and Qe form a current divider which will prove to be quite useful 
later in this discussion. 

The oscillator of Fig. 3.1 was developed into a complete circuit 
by adding an output amplifier and amplitude regulation. This was done 
following the block diagram shown in Fig. 3.2. Here the output signal 
is rectified and fed into the regulator which generates a regulating 
current when the rectified signal level reaches the reference voltage. 
This current is supplied to the oscillating network in such a way that 
the Curae voltage ve maintains a fairly constant amplitude. 

A practical circuit based on Fig. 3.2 has been designed and tested. 
The schematic of this circuit is shown in Fig. 3.3 in which the oscillating 
network is essentially the same as that in Fig. 3.1. To minimize the 
loading effect on the oscillating circuit at the collector of Q. Lieas 


desired that the input impedance of the output amplifier be much higher 


than R.. A detailed discussion of the design of the output amplifier 
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Fig. 3.1. Experimental RC oscillator 
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Fig.3.2. Blockdiagram for amplitude regulation 
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is given in Chapter IV. 
The amplitude regulation network in Fig. 3.3 operates as follows. 
The base of Q is at a fixed reference voltage determined by Ri» R, 
and the base-to-emitter voltage drop of Q,: The output level is sensed 


by the potential divider consisting of R and Roy, which are chosen to 


13 
give a voltage one diode drop above the reference voltage when the output 
signal reaches the required amplitude in the positive half cycle. At 
this point the rectifying transistor turns ON, charges up the capacitor 

C, to the reference voltage and sends Q. into conduction. This will 

tend to reduce the current gain in the oscillating circuit and hence 

the output of the oscillator maintains a fairly constant amplitude. 

A constant input at the base of Qs is not desirable and the capacitor 

C3, whose purpose is simply to store the reference voltage, is allowed 

to discharge slightly through a large resistance Ris before the next 
positive peak is detected. 

The attractive nature of this circuit is that it is very balanced, 
and its operation will be very insensitive to temperature provided the 
pairs Q,-Q%» Q3,-Q » Q.-Q and Q5-Q, are matched. The diode-connected 
transistor QQ simply serves as a seine of providing thermal compensation 
for Q, so that the reference voltage is temperature insensitive. In 


addition to that the ratio R is fairly constant with temperature 


13°14 
for diffused resistors. 

One of the drawbacks of this circuit is that C3 is too large to 
be incorporated into the monolithic process and will have to be connected 
externally. Also one of the two pnp transistors, Q3> lies in the signal 
path and may limit the high frequency operation of the oscillator. 


However, since Q, is driven in the common base mode the limitations are 


kept to a minimum for this transistor type. 
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3.2 Measurements 

By changing the value of R (and sometimes C) in Fig. 3.3, the 
oscillation frequency was varied through about four decades and the 
results are plotted in the curve (a) of Fig. 3.4. Here it is evident 
that the oscillator is almost ideal for frequencies below 700KHz, and 
above this figure the measured frequency is lower than the theoretical 
value based on the ideal model. This deviation is larger at high 
frequencies, a result which is easily seen by comparison of the experimental 
curve (a) with the theoretical curve (b). 

The bandwidths of the two amplifiers (that is the maintaining 
amplifier and the output amplifier in Fig. 3.3) were measured separately 
and found to be less than 5 MHz at a gain of 5. So the observed deviation 
of frequency could be largely due to bandwidth limitations, and it is 
suspected that in addition to the causes of frequency deviation discussed 
earlier, parasitics are a major factor in this experiment especially at 
frequencies in the MHz region. 

Calculations of frequencies of oscillation were done using the 
practical model of Fig. 2.7 which includes the effect of the input and 
output impedances, and the results were closer to the measurements than 
to the ideal case. It was therefore decided to change the oscillating 
circuit slightly to see if the type of current-amplifying stage used has 
any effect on the upper frequency limit of the oscillator. 

323 Improved Circuit and hf Behaviour 

The common emitter stage with Qs iiprig. 3.9 is more sensitive to 
the collector-to-base parasitic capacitance than any other stage. With 
a large voltage gain typical of this configuration, the Miller capacitance 
reflected to the input of the stage is bound to degrade the high frequency 
performance of the oscillator. An attempt was made to use collector-to- 


base compensated transistors [26] in place of transistors Q. and Q- 
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Fig. 3.4. Freqency performance of Fig. 3.3 
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This reduced the frequency deviation to a good extent, but increased 
signal distortions at the output of the oscillator were observed for a 
given closed loop current gain setting. It was clear, therefore, that 
the parasitic capacitance of Q. contributes to the observed frequency 
limitations. 

Based on the above observations, an improved circuit was designed 
in which each of the transistors Q. and %& of Fig. 3.3 were replaced by 
the cascode connection. The new circuit is shown in Fig. 3.5 where the 
eR re of the transistors is the same as that in Fig. 3.3 for easy 
interpretation and comparison. Only one more transistor is added, namely 
Q which acts as a load for Qs > and the basic circuit operation is the 
same as in the previous circuit. The advantages of using the cascode 
connection will now be outlined. 

The cascode amplifier has a very good high frequency performance 
which is derived from the fact that the collector load for the common 
emitter stage Q. is the low input impedance of the common base stage Q% 
which is approximately 1/g at low frequencies. Since Q. and Q (also 
Qe and Q,) have the same collector currents, the voltage gain of the 
common emitter stage will have a aye ters value of unity. This minimizes 
the influence of the Miller effect on Q; even for large values of Ro. 
As the common base stage has a wide bandwidth (current gain pole “Wer) » the 
cascode circuit has a good overall high frequency performance which is 
less sensitive to the load resistance [1 ch. 7]. The good output 
isolation results in less reverse transmission while the high output 
impedance typical of common base stages reduces the amplifier non-idealities 
at the output. 

The emitter resistances R,, and R,_ are added to increase the input 
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resistance, stabilize the gain, and increase the bandwidth of the circuit. 
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In order to identify the circuit elements that most affect the 
-3 dB frequency of the circuit the zero-value 
time constant analysis is used on the cascode differential amplifier 
which consists of transistors Q., Q> Q, and Q- Assuming that the 
base of Q. is driven with a source impedance Ro» the half circuit 
equivalent of the amplifier may be represented as in Fig. 3.6. 


The resistance seen by Cs across its terminals with all other 


capacitances made equal to zero is given by 


; 7 Rep tay eat Bee 


R =r (3.2) 
TOS 75 ae 5 Ri¢ 


and that seen by the collector-substrate capacitance of Q; is Tos 


the input resistance of the common base stage, namely 
(3.3) 


It may be shown that ~ sees a resistance cs across its terminals 


> 5 
given by 
r 
2 a b9 
uo5 Sab // ce S Th5) : ToS a 9 B+1 
1, -b9 
=> eat (rO5 ar oe ae eH Ri 5//R, = Tee (3.4) 
where Gs is the transconductance of the common emitter stage Q. with 
emitter degeneration, and Ri 5 is the input resistance of Q. including 
Ri¢: Thus 


(3.5) 


plus 
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(a) ac equivalent 


Gmg Vg 


Cig 


To5 
P 
Le v5 | Cy) vo || R7| | Vo/2 
L 751] Cr5 ona Cs ( lrg |Crg [Pas L 


(b) small-signal equivalent 


Fig. 3.6. Differential half-circuit of the cascode amplifier 
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and 


iets teens 162 (3.6) 


The resistances seen by C9? on9? and C89 are, respectively 


1 
R =e eee) (Sa7) 
T1109 19 49 
R 09 = Tho “ r.9 + R, (3.8) 
and 
+R (3.9) 


The sum of the zero-value time constants is given by multiplying 
(3.7) - (3.9) by the corresponding capacitances and adding. Let this 


sum be ie. Thus 


. Le 765 rf Cyeras DE AGT : C70 159 


ie (3.10) 


R + R 
9 09 © e589 cso9 
Since the circuit does not have a dominant zero (as there is no capacitive 
path directly coupling the input and the output as oe does in the 
emitter follower), the -3 dB frequency corresponds to the dominant pole 


frequency and is estimated as 
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It may be established by inspection that the major contribution 
to the -3dB frequency comes from the first term in (3.10) whose dependence 
on the circuit parameters could be studied using (3.2). This contribution, 
therefore, gives an upper limit for the high-frequency cut off for oe 
amplifier, and the variation of this limit with the circuit parameters 
is summarized in Fig. 3.7 - Fig. 3.10. 

The effect of Th5 is to lower the bandwidth as seen in Fig. 3.7, 
but as this parameter is controlled by the fabrication process and 
not by circuit design it will not be discussed further. 

The source resistance R, degrades the high frequency behaviour of 
the circuit. Fig. 3.8 shows the dependence of the bandwidth on Ro» and 
it is also evident that for a given source resistance the bandwidth may 
be improved by raising the collector current, and thus lowering the 
input impedance of the cascode amplifier. 

In Fig. 3.9 it is seen that the broad-banding may be achieved by 


increasing the emitter resistance R 6 whose influence depends on the 


a8 


alone will not bring much change in 


bias current. At low currents, Ri6 


the bandwidth of the circuit. 


The effect of I, on the circuit bandwidth is shown in Fig. 3.10. 


E) 

This shows that for a given source resistance there is a maximum bandwidth 

which could be obtained, and this maximum bandwidth is highest for 

R_=0. Thus it is still possible to operate at low currents and yet 

achieve large bandwidth if Re is minimized, and this is very important. 
Now the source resistance may be identified as being approximately 


equal to R, of Fig. 3.5 in which the base of Q. was held at Ov. Thus 


4 


Ry would be about 20 kQ for a bias current of 0.5mA through Q, (or 


10 k2 for double this current) when the supply voltage is 10 V. Such a 


big source resistance will give poor results in spite of the changes 
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Fig. 3.7. Effect of r,<. on bandwidth* 


*Calculations in Figures 3.7 - 3.10 use: r, = B/G ~_, Gm = |,(mA) / 26, 
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Fig. 3.8. Effect of R, on bandwidth. 
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Fig. 3.10. Effect of I., on bandwidth 
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43 
that have been made in the circuit configuration. But this circuit 
of Fig. 3.5 shows some improvements over the experimental circuit of 
Fig. 3.3 as shown by frequency measurements in Fig. 3.11 where frequency 
deviation starts to show up above 1 MHz. 
It is certain that if the effect of source resistance were reduced, 
a high frequency RC oscillator would be realized. A search for new 


circuit configurations is therefore essential. 
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CHAPTER IV 
DESIGN OF BASIC CIRCUIT BLOCKS 

Previous sections were devoted to background information, 
modelling and experimentation of an RC oscillator of the Wien type. 
The experimental results backed by simple theoretical analysis have 
indicated that a number of circuit parameters limit the high frequency 
performance of RC oscillators. The purpose of this chapter is to 
design circuit blocks which are capable of operating at frequencies up 
to 1 MHz or higher. Three circuit blocks are described and these 
include the current amplifier, the basic oscillator and the output power 
amplifier. All these circuits are based on high-frequency configurations, 
and as the following discussion will show, satisfactory performance has 
been achieved. A great emphasis is placed on current amplification 
rather than voltage amplification for improved frequency performance, 
and symmetry is used to minimize thermal drifts. 
ea | Current Amplifier 

The design of current amplifiers is of great interest at the 
moment as the growing need for more efficient circuits continue to put 
pressure on circuit designers. The introduction of the voltage operational 
amplifier (OP AMP) in integrated form brought with it convenience. in 
circuit design and signal processing. There has been an accompanying 
tradition, however, which has left us no choice but to think and work 
in terms of voltages rather than currents. But the voltage OP AMPs have 
failed to keep their promise when it came to high precision instrumentation 
which require low noise and low distortion amplifiers, and high-frequency 
applications where high-speed (or slew rate) is a very important 
parameter. 


A new generation of circuits for current amplification is beginning 


45 


vs NITPAMS 
PMOQOTE FIUORIN Bleed 30 Biteee 
notsawtetri invotgtesd oF bedoyet Gin -mreigas 
1 
) A 
; d2 4 sl{iseo 32 Ae to feo sadeuers 199gxe Sure gottls ont 
ca ‘ of 
; 13 i y Se 
z Le (quate vd boteud epivass Tnsepe ogee are, 
v par? 4: : meray thvotio Yo tedews 2 dodd bedeodiak 
7 aan [re 
: } 7 2 Fu? Bats ,stevel [iain oH Yo $201 8art0) iY 
5 ‘7 i wr FO Ildaqeo FS doie assold Jina 29 $ 
2% gel tlustis sagt? vyerdyitd 
te¥0q (fq ie tozo ohend ol) » tm TPGRee toprme eft giae 
ta fsupsvi-iigid no bsea@ syn aehigtbe Slee EEA. 
sect : 14% x pete orie If be ama asciwolie? sta 
~— hs 
ro] t 70 Dsuria st = Pairs tLe soshag A 
: ; ursupss? Seveqow? rot qettesPtileds saaakne rk sel 
Din * ee 
22tixb iasrait ssborider os: bote ab Gee 
; 3 7 <0t% 
< ~eLiilgnt beet F 
; jot alah ; — a 
1% 3 sont tagtg to el awetiiginy apeates ie agtasb on i 
f : ate 
say. of suntsas Sttyoyia ttshsi2ds eager sae ‘Bawe- aineate ar 
lenoi se ; a horspt sdf . aera anak. shroats ne ad 
a 
piguozd mich Wed (are 2 a if 
re IHC Hsvridas FJ Pe , yor wie rc bens ae ; oY a 
é 3 96 i 
aaivoaqno 2on as fesd. 2ed-SaeHT . jatreason Gage rte natash thuvrk 


Mo8s¢instarizeak odke onde. izth oF Smeo 2% sat 


Yoesups tT i— foil 


brag 


tnedingmt is a at (wdéy ware 


_ 
. ' 


ae 


7 
Tee: 
tee tame 


oy trewtotd4 o> sd Sakae Ct am Jes: we ne sea tad a 
av oA2 aut eIN9TTHD oe _ aniesiow te 


18tth lags not szodueh " 


wae igen 


46 
to appear and a number of circuits have been discussed in the literature. 
Examples include current-controlled current sources noi. current 
followers or unity gain current amplifiers [50] and [52], current conveyors 
Ps31/— [55}) transconductance amplifiers [56], and single-ended input 
current blocks which produce single-ended output current, [49] - ‘Byls 
Gilbert's well known current gain-cell [27] - [30], however, has all 
the features needed in this project and, to the best of our knowledge, 
it is the highest frequency silicon integrated circuit to date. 

The gain-cell in [274 operated in the direct mode shown in Fig. 
4.1 is of special interest. Q) and Q are diode-connected input 
transistors which serve as current sensors. It has been shown in the 
literature that if, as shown in Fig. 4.1(a), Q conducts a current equal 
to Al, and Q, conducts a current ol, where I, is the total bias current 


E B 
for the input transistors and I, is the total bias current for the 
output transistors, Q, and Qi then the constants A and o are equal. 
Normally these constants may take on values between O and 1, and the 
above result may easily be verified by summing the diode junction 


voltages around the loop consisting of Q,-93-2,-Q, assuming perfect device 


matching. Thus the input currents are 
AI, and (1-)) I, 

and the corresponding output currents are 
Al, and (1-)) 1, 


respectively. Consequently, the dc stage gain is given by I,/I,- 


It is of great interest to investigate the case of small signal 
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(a) General case (b) Differential input 


(c) Single input 


Fig. 4.1. Gilbert’s current amplifier 


fuori ish#nawshia 


operation in which the input currents are superimposed on the bias 
currents. For symmetrical operation i must be fixed at 0.5, and for 


convenience AT, and AI_ may be denoted by I, and I,, respectively. 


E 
This results in the circuit of Fig. 4.1(b) in which i is a small signal 
input current and i, is the corresponding small signal output current. 
In this arrangement 1, = 21, and I, = 2I,. 


The emitter-to-base voltage for a transistor conducting a forward 


current I is given by 
ve tn S (4.1) 


where k is Boltzmann's constant, T is the absolute temperature, q 
is the electronic charge and I, is the reverse saturation current (<<). 


Let the junction voltage for Q be V Then 


1: 
(402) 


when i=o. When a small signal current is applied at the base of Q> 


the resultant junction voltage becomes 
Vea ea en (4.3) 
q 
where AV 


represents a change in V, due to the input current i. Thus 


1 s 
AV, is given by 
jiaG a! bi 
SE ie ele Sane 
AV, ae (2 T. &n i (4.4) 


Similar results may be obtained for other transistors. It may now be 
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verified using Fig. 4.1(b) that 


kT 1 1 
V = Ses = 
A ee (2n ~ in > ) (4.5) 
s Ss 
AGS “ak Ai 
©okT ZIG 2 
AV, = 8 (2n I - &n 7 ) (4.6) 
s 
I,-i i 
a Weppstiavio curyent2 
AV = - (£n T &n i ) (a7) 
Ss 
I 
Since the sum ) ye = 0 around the loop consisting of the four transistors, 
i=l 


it follows that the algebraic sum of the voltage changes (AV, 5 a ees) 
due to the differential small signal input current i must also be zero. 
Starting from Q and moving clockwise around the loop we may write 


AV = AV ot AVS c= AV, =r) (4.8) 


This simplifies to 


(1, +4) (1,-i,) = (1-4) (1,41) | (4.9) 
Therefore 
2iol, = 2il, 


Thus the stage gain is given by 


ry Bee (4.10) 


The above result is interesting in that the dc stage gain obtained 
earlier and the small signal stage gain are identical. This means 
that the circuit has the same gain for ac and de signals, and it is 


thus suitable for amplifying mixed signals. Also the fact that the 
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gain is accurately determined by the ratio of the bias currents is 
attractive since it implies that the circuit is independent of the device 
beta, and a low beta fabrication process may be used without greatly 
affecting circuit performance. With the symmetry that it has, plus 

low input impedance and high output impedance, the circuit has a fairly 
temperature insensitive current gain which is desirable for oscillator 
applications. 

Another advantage of this circuit is that it may be used as a 
variable gain amplifier by simply changing the ratio of bias currents. 

It is also possible to operate it with one input as shown in Fig. 4.1(c). 
Although this configuration no longer has the beta immunity of the 
balanced form of the circuit, the errors in gain and dc balance are 
still negligible for typical values of beta. 

Problems of distortions caused by transistor mismatches will not 
be significant when discrete matched pairs are used. Also with the 
present integrated circuit fabrication technologies a very good match 
between adjacent transistors, and other components alike, is quite possible. 
Other requirements for linear operation are discussed in greater detail 
47 1271; 

Since the oscillator will be realized by completing two feedback 
loops from the output to the input of the maintaining amplifier, and the 
current gain cell to be used requires that all transistors be biased in 
the forward active region, a convenient level-shifting circuit is 
necessary. This circuit was built using an all pnp stage to drive an 
‘pn stage as shown in Fig. 4.2, (Q,)-Qg). There are a number of features 
which make this level-shifting network suitable for current amplifier 
applications. The input may either be single-ended or differential, 


the current gain may be adjusted from unity to higher values by increasing 
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Fig. 4.2. Complete current amplifier circuit 
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1, alone, dual outputs are available regardless of the input mode, 
input impedance is very low and output impedance is very high. In 
addition the translation of voltage levels from input to output may be 
as large as the supply voltage less four diode drops. It is important 
to note that this range of voltage translation is much larger than 

most level-shifting networks can provide. The fact that no passive 
components are used results in a very important property of the circuit 
being described,namely the performance of this network is independent 
of the input and output voltage levels provided all the transistors are 
active. 


Current gain of the complete amplifier is increased by two 
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additional blocks consisting of Q%-e) 5 and 833781 6> while Q157818 provide 


a high output impedance and good output isolation typical of the 
cascode connection. Let Kio denote the current gain of the entire 
amplifier when no feedback is applied. Assuming that a differential 
input is applied at the bases of Q and Q.> the open loop current gain 


K. becomes 
io 


ua ui Es I 
a2 ae 5 7 


1 I,-Ig ivi fs=1 


For simplicity of design and analysis we set I,-I,-L=I, 1-1, and 


1,-I,=1,-1,=41. Also in order to maximize the bandwidth of the 


amplifier we choose I,=1,- Thus (4.11) reduces to 
QP 


(Ar)? 


(4.12) 


It is evident from (4.12) that the current gain may be increased by 
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decreasing the difference terms in (4.11) using tracking current sources. 
With a bias current, I, as low as 1 mA and the difference term AI=0.1 mA, 
a current gain of 1,000 is easily obtained. 

The current amplifier was biased to operate as described above 
meaning that each npn block contributes a current gain of about 10. From 


theory [27] the bandwidth, Be of 3 cascaded stages works out to be 
m he opted (svaniy® 
Rees Cree oe) cially, 


where fon is the current gain-bandwidth product of the npn transistors 

and N=3. The factor of 0.1 in (4.13) comes from the fact that each 
individual stage has a current gain of 10 and BY is inversely proportional 
to this gain. It can be argued from here that since the input stage 

is biased for unity current gain operation (and it is a single stage) 


it has a bandwidth, . given by 
p= *f (4.14) 


where top is the current gain-bandwidth product of the pnp transistors. 


In practice font especially for integrated devices in which 


Tp 
a factor of 100 between the two parameters is quite normal. This 
explains why unity gain for the input stage was needed, that is to avoid 
the bandwidth shrinkage which is evident in (4.13). Indeed it is still 
quite possible that B >B_.. For example if f,_ =300 MHz and f, =6 MHz, 
Deep Tn Tp 

we obtain Bo=15 MHz and Oe MHz, showing that the overall bandwidth 

of the amplifier is limited by tpi 
The circuit of Fig. 4.2 was realized using the super-matched LM394H 


npn transistor pairs and Motorola's 2N4937 dual pnp transistors. Matched 
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current sinks were obtained using LM3046N transistor arrays. The 
frequency response of the breadboarded circuit was measured by applying 
a small current signal at the base of Q, and observing the inverted 
Signal at the collector of Q17° The 3 db bandwidth was found to be about 
2.0 MHz which is much less than the theoretical value, Se This is 
quite acceptable since the testing environment is more parasitic than 
that of an integrated circuit after fabrication. Since feedback is 
going to be applied in order to obtain the required oscillations the 
bandwidth of the resulting feedback amplifier will improve to some extent. 
This is discussed in the following section. 
4.2 Oscillating Network 

The theory of oscillation and limitations on frequency accuracy 
have been discussed in Chapter II. A number of factors leading to the 
choice of a Wien-Bridge circuit based on a current amplifier configuration 
were outlined. These include better Sreceene? performance, easier 
control of amplifier gain, less sensitivity to parasitic effects or non- 
idealities at the input and output ports, and the ease with which 
current amplifier circuits may be integrated at a great saving since 
they may be realized using active components alone. 

In the previous section a suitable current amplifier was described. 
It has a low input impedance of a diode-connected input transistor 
and a very high output impedance. To initiate the oscillations the 
gain condition of (2.4) has to be satisfied. Thus the gain of the 
amplifier of Fig. 4.2 is fixed at a value K 23 where equality gives 
harmonic oscillations. This is done by applying negative feedback from 
the collector of Qi7 to the base of Q using a resistive current divider 
consisting of R, and R, as shown in Fig. 4.3. Also a frequency selective 


3 4 


RC network is connected from the non-inverting output terminal of the 
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Fig. 4.3. Oscillating network 
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amplifier (collector of Q33) to the base of Q, to form the positive 
feedback loop. 

The feedback factors for the two loops (negative and positive 
feedback) are given in (2.8) and (2.9) respectively, and the current 


gain with feedback, Ks may be described as 


(4.15) 


Clearly this implies that K. will be independent of the open loop gain 


2245 >>] meaning that R, and R 


3 6 


gain. The importance of this is to minimize the sensitivity of K, to 


15:6 completely determine the feedback 
temperature, and this in turn provides better amplitude and frequency 
stability. With the circuit of Fig. 4.3 it was possible to maintain 


oscillations with Ry nearly twice the value of R throughout the working 


3 
frequency range of the oscillator, and this is indicative of the fact 
that the open loop gain is large enough to meet the stability requirements 
of the feedback gain. 

A quick comparison between the final oscillating network of 
Fig. 4.3 and the experimental versions of Chapters II and III reveals a 
number of improvements: 

(i) all the gain stages are differential; 

(ii) the open loop gain, Kio is independent of device 
parameters; 

(iii) gain may be increased without increasing the number of 
active devices in the signal path. 
Although the effective number of pnp devices in the signal path has been 
increased from one to two, the overall performance is better than that 


for the experimental version of the circuit. Also symmetry has been established 


and temperature drift problems will be less significant. 
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The frequency of oscillation of the network was changed using 
different values of R and C and the resulting frequency was compared with 


the theoretical value given by 


eS (4.16) 


The results are shown in Fig. 4.4 from which we can claim that the 
oscillator has a very good frequency accuracy in the entire operating 
range up to 1 MHz. Since these measurements were taken without 
amplitude regulation, the final oscillator should have a frequency limit 
> 1 MHz. 

Temperature sensitivity measurements were made for a complete 
circuit with amplitude control and frequency regulation. A summary of 
these measurements is given in Chapter VII. 

4.3. High-speed Operational Amplifier 

An operational amplifier featuring a slew rate above 10 V/micro- 
second and a unity gain bandwidth greater than 10 MHz has been built 
using discrete components. The amplifier has an all n-p-n output stage, 
a level-shifting network which does not use p-n-p transistors, and a 
cascode input stage with low input current. These features make the 
circuit quite suitable for fabrication in monolithic form. , 

4.3.1 Introduction 

Monolithic operational amplifiers have been around for quite some 
time and their demand is continuously going up. The result is that their 
manufacture has become more economical and the cost per unit has 
fallen by a factor greater than ten in the past decade, to values quite 
comparable to general purpose transistors. General purpose operational 


amplifiers, however, are limited to low frequency applications (1 MHz 
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maximum) and low speeds (below 1 V/micro-second). Many applications 
require a much better frequency performance than this and bandwidth and 
slew rate more than ten times the above figures are becoming typical 
goals in new designs. 

The major cause for bandwidth limitations in these amplifiers is 
the fact that p-n-p devices, especially the lateral type, have very 
poor frequency performance. Many operational amplifiers use p-n-p 
transistors in the input stages with a result that the intermediate 
Stage may have a larger bandwidth than the input stage. Others use 
n-p-n input stages which have bandwidths larger than 10 MHz but then 
require level-shifting stages which have p-n-p transistors along the 
Signal path. In both cases the overall reacts is quite limited. 

As for the speed limitations, a number of methods have been used 
to improve the slew rate of operational amplifiers. While some use 
transconductance reducing techniques on the input stage using the 
methods of Solomon [58], others use feedforward techniques [59], [60]. 
The first method is the easier of the two, but its improvement of slew 
rate is achieved at a price of higher offset voltage and loss of gain. 
The second one maintains the performance of the input stage but demands 
high precision in component and parameter values, and it is possible 
to end up with a high-speed operational amplifier having a poor 
settling time. Also it works only when the amplifier is used in the 
summing mode. 

In view of the above comments and after a careful study of [61], 
[62] and [63] we see that to get a low-cost high-speed operational 
amplifier, the use of simple circuits is essential. Indeed, the problem 
should be approached from the point of view of good frequency performance 


for all the amplifier stages and keep the total value of on-board 
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capacitance as low as possible. To do this we have to rule out the 
use of p-n-p transistors in the input and level-shifting stages. This 
was done with success in the circuit described in detail in the sections 
which follow. The main objective is to design a completely direct- 
coupled high-frequency operational amplifier suitable for fabrication 
in integrated form. By using an all n-p-n design most of the process 
limitations encountered in the fabrication of such circuits are 
eliminated and the overall cost is minimized. 
4.3.2 Input Stage 

The input stage, shown in Fig. 4.5, consists of a differential 
cascode amplifier with Darlington pairs, Q)-9, and Q,-9),> as input devices. 
These transistors serve to lower the input bias and offset currents, 
and when operated at low bias currents the offset voltage associated with 
these devices is minimized. Q and Q, are biased by equal current 


sources, I, and I 


1 »? in order to have biasing current conditions which 


are independent of the input voltage. The emitter degeneration resistors 
R3 and R, serve many purposes. These include lowering of the effective 
transconductance of the input stage, stabilization of gain, increasing 
the input impedance and bandwidth, and an overall improvement in slew 
rate. Care is taken in the choice of R3 and R,, as there is a limitation 
due to input offset voltage which increases rather rapidly as the voltage 
across the resistors exceed 500 mV. 

To minimize the problems of offset voltage inherent in Darlington 
devices, supermatch transistor pairs, LM194 and LM394, were used to 
build the input stage. They have an emitter-base voltage match to 50 uV, 
offset morse drift less than 0.1 wV/dec. C and a current gain match 


to 2% [64]. Standard monolithic processes may fall short of these 


specifications, and these devices may cause serious problems arising from 
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Fig. 4.4 Oscillator frequency performance 
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mismatches and the unpredictable nature of bias current match over 
temperature [62], root. For the purposes of integrating this circuit 
in monolithic form, an input stage using bootstrapped super-gain 
transistors [62] is recommended. In both approaches, however, the 
cascode connection assures matched collector voltages for the input 
transistors, a condition which minimizes the offset voltage contribution 
due to the Early effect. The broad-banding properties of the cascode 
stage have already been discussed, and the ac performance of the input 
Stage is given in the section on the complete amplifier circuit. 
4.3.3 Level-shifting Stage 

A level-shifting network which uses only n-p-n transistors is 
shown in Fig. 4.6. It is simple, broad-band, thermally stable, and 
derives its dc biasing from the input stage. The emitter followers Q, 
and Qs provide high input impedance which is required for minimal 
loading effects on the input stage. It works on the principle that 
when a voltage v/2 is sensed at the inputs 1 and 2 it is converted into 
a current i/2 approximately equal to v/R, or v/Re. Thus a current i 
is reflected into the base of Qi by the current mirror which consists 
of Q and Qo: The main advantage of using a differential input level- 
shifting stage is to reduce the drift problems common in circuits 
which are single-ended. In addition to this improvement, the circuit 
of Fig. 4.6(a) delivers a current to the output stage rather than a 
voltage as in [61] and [63]. The capacitors bypassing the resistors 
are for compensation of aero ye phase at high frequencies. This 
network has a frequency performance much better than that of circuits 
using p-n-p transistors. Also it is thermally balanced and will 


contribute negligibly to the output quiescent point drift with temperature. 
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Fig. 4.5. Input stage 


Fig. 4.6. Level-shifting network (a) schematic 


62 


& 
re aot - é —— 
omens « ---oso- oo as mers d 


+ ~ j ; ; 
Panes SAID) +48 Sap 
“hf aw | 


63 


The functioning of the level-shifting stage may be studied 
using the simplified model of Fig. 4.6(b) in which the current mirror 
is assumed to be ideal. It is represented as a current amplifier with 
zero input impedance, unity-gain phase inversion, infinite output 


impedance and a mirror pole at infinity. Letting r,=0 for simplicity 


b 
the transfer function becomes 
oo (148) (1+s/w_) (1+s/w,) pais 
Vv ES (1+8) R r_(1+8)R ‘ 
S #2 See 
Am © +(46)R (GosCit1s8)) 
which is equivalent to 
; (1+S/w_) (1+8/w_) 
Lee 1+8 . T oe ee (4.18) 


Vv r_+(1+8)R 1s dine 


where w=1/r_C_, w=1/RC, paml/B aCe, 


Ve 


ig 
a (eee eeealld * 
OG eg aR ac, — te) ce 


R= RR, = Re» and C = Cy = C. 

It may be seen that (4.17) describes Fig. 4.7(a) and (4.18) describes 
Fig. 4.7(b), the latter being the more convenient representation of 
the input loop for the level-shifting stage. 

A number of observations may be made from (4.18). The transfer 
function has a low frequency value approximately equal to 1/R, as 
expected, for (1+f8)R >> rie Also the time constant hs = TCs under 
normal operating conditions meaning that the zero at W essentially 


cancels the pole at wnt Thus it is the positioning of the second zero, 
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(b) 


Fig. 4.6. (contd.) (b) simplified model 


Py (ep) 
Che) R 
(a) = (b) 


Fig. 4.7. Equivalent networks for level-shifting circuit model 
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We» which is important, and since the frequencies w and a depend on 


the bias current of the stage it is important to establish the conditions 


under which w =w.. 
P T 

Using ios he B/g (ohm) (4.19) 

ea Nh (mA) /26 (mho) (4.20) 

C_ = ote + g, ip (421) 


and assuming that the current gain 8 = 100, time constant tT, = 0.3 ns, 


F 


junction capacitance oe = 1 pF, level-shifting resistance R 20k, 
phase compensating capacitance C = 10 pF, the variation of oe and Ww 
with current was calculated. This is shown in Fig. 4.8 from which it is 
seen that the characteristic frequencies in question differ at very low 
bias currents and track each other for currents above 0.5 mA. 

There are three cases which may be studied further. Let the low 
frequency value for i/v be G. 
CASE 1: With very low bias current, I < 0.01 mA, we have a Os < Wes 
For frequencies w << We ae and w > Ws ijiv = Gu/w. When w > We ao 
and w < w.; ijv = Cu, /,- When w > Wee iv = Cuw, /0,W.: The plot of 
this response is shown in Fig. 4.9(a). 
CASE 2: For normal bias currents, I > 0.5 mA, there is pole-zero 
cancellation and the transfer function reduces to i/v = G(1+8/w,) which 
is plotted in Fig. 4.9(b). This response is better than that of Case l. 
CASE 3: This is similar to Case 2 above except that the zero at Ww, is 
moved to higher frequencies, Gente Ws by suitably lowering the value 
of C. As seen from Fig. 4.9(c) this arrangement gives better frequency 
performance than that obtained from Case 2 since a wider bandwidth is 
obtained. 


The effect of source impedance R, and base resistance r, which was 
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Fig. 4.8. Dependence of f,, and f,, on bias current 
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Pole-zero Pattern Bode Plot: | i/v| vs. w 


Case 1: 


We > Wy> Wr 


(a) 


Wr We w 


Actual: 


(d) 


Fig. 4.9. Possible pole-zero patterns for level-shifting network 
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neglected in the simplified model of the level-shifting network is 


now considered. With reference to Fig. 4.6(b) and letting Z Say < Ro» 


the transfer function i/v may be expressed as 


1+8 


i ae thee 
Vv Z = Z. “f- (1+8)2 


(4222) 
In fact the above result may easily be derived from Fig. 4.7(b) if 
Z/ (148) is included in the input loop of this network. This may be 


written in a more convenient form 


i (1+S/w_) (1+S/w,) 


—= 6! ————__ = (45.2 3.) 
Vv CPYS/ Css 9) 


where G' is the value of G obtained by replacing ae by r. a Zis and 
Bed and pe are poles of the new transfer function. 

The result of the foregoing analysis is that the effect of source 
impedance on the transfer function of the network is to create an 
additional pole, which is good as far as frequency response is concerned. 
It is unfortunate, however, that the transconductance is lowered by 
source impedance. A detailed computation shows that one of the poles, 
Wo? is almost identical with ane the single pole in (4.18). The second 


P 


pole, however, is much greater than oe and is insensitive to current. 


It was also found that when the bias current is held constant and the 
source impedance increased from zero, ey moves from infinity and 
approaches iene Further increase in Z produces conjugate-pair poles 


which are undesirable in this design. Thus ane is almost entirely 


determined by the bias current of the level-shifting stage whereas 2 


is determined by the source impedance which in this case is the output 
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impedance of the input stage. 

This study has shown that the level-shifting network has a 
transfer function which is quite sensitive to bias teens and that 
this current should be relatively high for good frequency performance. 
The frequency response depends on the pole-zero pattern of the network 
the parameters of which should therefore be chosen with care. Indeed 
the first measure is to position the zero, Wes due to R and C at as 
high frequencies as practically possible (Fig. 4.9(c)) without lowering 
R too much, the reason being that the level-shifting network should 
have negligible loading effects on the input stage. The source 
impedance, which is approximately given by R, in Fig. 4.5, should be 
chosen so that the corresponding high-frequency pole, Po is as close 
to w, as possible. It is known from theory that although Poo may not 
play a big role in determining the transfer function of the circuit, 
its contribution to phase margin and instability at high frequencies 
may not be ignored. This effect is reduced by bringing the high-frequency 
pole closer to a zero. Fig. 4.9(d) shows the pole-zero pattern of the 
circuit including the effect of the source impedance. 

From the above observations it is clear that there is a need for 
a supply-independent biasing for the input stage from which the level- 
shifting network derives its biasing. This ensures that the pole-zero 
pattern of the network is insensitive to power supply variations. 

4.3.4 Output Stage 

- A good output stage should have jarge bandwidth so that it does 
not degrade the frequency performance of the amplifier. Also it must 
provide a high current gain to help enhance the slew rate and drive 
capability of the circuit. There are several ways of meeting these 


requirements when building discrete circuits, but when it comes to 
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integrated circuits the possibilities are limited. The commonly used 
class AB stage with complementary emitter, followers has a de stability 
problem and is costly to realize in IC form since the compatible p-n-p 
power transistors are difficult to fabricate. 

An all n-p-n direct-coupled stage was built and it is based on 
that found in [61] from which a detailed account of its operation may 
be found. It has a superior frequency response, a high power handling 
capability, lower fabrication costs, and excellent de stability. The 
dc biasing advantages in such a class B output stage are obtained at 
the expense of increased contribution to the output total harmonic 
distortion due to the deadband which is typical of these stages. This 
problem is minimized using a large overall dc feedback (from output to 
input) which is to be discussed later. The gain asymmetry for the two 
half-cycles may be reduced by adjusting the bias of the power transistors 
[61]. 

4.3.5 Complete Amplifier Circuit 

The complete operational amplifier circuit is shown in Fig. 4.10 
where a suitable connection for operation in a non-inverting mode is 
used. Transistors Qo? Qo4 and Qo9 are current sinks for the input stage 
with Bias, providing the reference current. The bases of the cascode 
transistors Q, and QR are biased at about three diode voltage drops 
above ground thus allowing large swings at their collectors. Bias, may 
therefore not be allowed to fall by more than 0.5 volt over the entire 
temperature range of interest as this would impare the operation of 
the input transistors. 


The differential level-shifting network, Q, ~ Q.,., converts the 


11 


voltage signal from the input stage into current which is available at 


the collector of Q30° The symmetry of this network ensures negligible 
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contribution to drift of the dc operating point of the output stage. 


The output stage, Q d 


127 Q1 8° has two Darlington pairs, Q 


12 an 


Q8 for the negative output swing, and Qs - QV for the positve output 


swing. The diode-connected transistors Q33 - Qi, and yesistor R, provide 


7, 
proper biasing for the upper Darlington pair, while the power diode, Q17> 
provides a deadband to ensure that the upper Darlington pair is only 

active for the positive output swing. 

The de stability of the output stage is controlled through the 
feedback resistor Rey and the gain equalization is provided by C, at 
frequencies where the asymmetric nature of the stage would cause overall 
loop instability. This compensation, however, lowers the slew rate of 
the amplifier. The ac feedback loop consists of Rey and Reo with a capacitor 


C, used to make sure that the de feedback factor is unity while the 


eS 


equal to Reo 


ac feedback factor is Reo/ (Re tReo)- A resistor R13 
connected to the non-inverting input for symmetry and a normally off 


diode, Q is connected from the other end of R,, to the negative 


235 i 

supply rail. For dual power supply applications as in this design the 
common point for these components is grounded, and this kind of arrange- 
ment oareers against destructive output currents which may easily be 
developed in a direct-coupled load by an improper sequencing of power 
supply turn-on or turn-off [61]. Additional protection may be achieved 
by including an overload protection circuitry in the output stage using 
standard techniques. 

The sensitivity of the output operating point to temperature is 
mainly due to Qi and Q8 whose base-emitter voltages are not compensated 
for thermal changes as would be the case if these devices were part of 
a differential circuit. The internal voltage drift of the circuit AV/AT 


causes an overall output drift AV (/AT given by [61]. 
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= (4.24) 


where the dc feedback factor ae = 1, AV/AT is simply twice the base- 


emitter voltage drift which gives 4 mV/°C, and A, is the de gain of the 


uy 
input stage. Noting that the input transistors are Darlington pairs 
whose effective beta is approximately equal to the square of the single 


transistor beta, A, may be expressed as 


i 


2 
B Ry 


Nyy DE SSS len a a are ee (4.25) 


1 2 
acy) etre Rel + R53 ae Shan 


where ae is the effective rh for the input devices and is approximated 


as 
(4.26) 


Here it has been assumed that the input stage is balanced and that 


the transistors have the same beta. Using (4.19) and (4.20) with 


ee 
T 
Ps 
" 

es) 
i 


= 160 ohm, I, = 70 pA, I, = 0.5 mA, R,, = 10 k, xr, = 500 ohn, 


as 3 BL b 
8 = 100, Ri 3 = 1k and R, = 10k, A, is found to be 22. Thus the 
magnitude of the output operating point drift is found to be about 

180 pV/°C which is small enough to allow direct coupling to small loads 

up to the ohms range without any risk of excessive overload in a very 

wide temperature range. If the level-shifting stage were not differential 
the value of the internal voltage drift would be greater than Vor 
and the overall output drift would be larger than the above value. 


The importance of a stable operating point of the level-shifting 


network has already been discussed. Once the bias currents in Q and 
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Q, are set to a suitable value they should not be influenced by the 
power supply. This requirement was met by using a supply-independent 
biasing, Bias). A close examination of the level-shifting network 
shows that its bias current has a drift approximately equal to —3AV, (/AT 
where the three contributions come from QQ; Qi and Q for one branch 
and from Qe> Qi and Qa for the other. Thus Bias) must have a 
deliberate drift equal to +3 AV) /AT added to it in order to counteract 
the current drift in Q, and Qs 

The low frequency voltage gain of the amplifier will now be 
estimated using simple circuit models ignoring parasitic capacitances. 
The input stage has a voltage gain A, (0) given by 


A, (0) = GR (4.27) 


1 


where a is the transconductance of the input stage which works out to 


be about 0.5/106 when I, = 70 wA, 1. = 0.5 mA, and R, = 10 k. Thus 


af 1 


the stage gain is 47. The level-shifting network has a transconductance, 


G', which may be written (from previous discussion) as 


ee 1+8 
Gne“lywea & <4 (148)R Soot 
b 7 
in which 8 = 100, Z = R - Th: R, = 10k, rm = 500 ohm, R = 20 k, and 
bias current = 0.75 mA giving Ry = 3.5 k. Calculation gives 


G' ese x 10> mho. 


The overall gain of the amplifier may be expressed as 


A, (0) = A, 69) G' A.3 (0) (4.29) 
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75 
where y is the attenuation factor at the output of the level-shifting 
stage due to a non-infinite output impedance of the second stage and a 
non-zero input impedance of the output stage. A300) is the low frequency 
gain of the output stage. If we define the output resistance of the 
second stage as vO and the input impedance of the third stage as r, 


413’ 


then the current attenuation factor becomes 


Y= nope eres ee (4.30) 


where Coan Re (since the output resistance of 0 is much higher than 

Re), and 33 is estimated assuming the standby current of Qig is about 

V__/R. where R, = 2 k and V = 10 V, and the biasing resistance R, = 2 k. 
Ccmn 7 cc 8 

This information results in r,.., = 60 k and Sie ee 20"Ke "EnUS C4e50) 


a3 2 
gives y = 0.25, a factor which may be increased by raising Re and 
lowering T33 if there is need to do so. It is clear from the calculation 
of the attenuation factor that the main weakness of the level-shifting 
network is that it lacks a high output resistance. 
The gain of the output stage may not be calculated accurately 


because the stage gain changes at each zero-crossing of the output swing. 


Using the lower of the two values then A, (0) may be given as 


A300) = 8,81, RB, (4.31) 


Since the same type of transistors was used in all the stages of the 
breadboarded circuit, the same value of beta used in (4.28) will apply 
in (4.31) which gives A. (0) s 10°, . Note that in an integrated 
circuit the power transistors have a lower value for beta as compared to 


that for small signal devices, in which case (4.31) will give a much 
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lower gain than what has been computed here. 
Using the results of (4:27), (4.28), °(4.30) and (4.31) in (4.29) 


the overall gain becomes 


A (0) = 670%x Ry (432) 
which equals 1.2 x 10° when R, = 2k. The frequency response of the 
amplifier was measured using a 2 k load resistance and the feedback 
connection shown in Fig. 4.10. The resulting response is shown in Fig. 
4.11 for which v= 200 mV was applied at the non-inverting input 

with R., = 10 k and R,, = 1k in the feedback loop. Also the capacitances 


cat bz 


Cc, = Cc, = C3 = 10 pF were used. The low frequency voltage gain with 
feedback was found to be 11, or 20.8 dB which is in good agreement with 
theory. As seen from Fig. 4.11 the -3 dB bandwidth of the amplifier 

is about 4 MHz and the unity gain bandwidth exceeds 10 MHz. A slight 
peaking was observed at 2.5 MHz and this is partly due to inexact pole- 
zero cancellation tn the transfer function of the level-shifting network. 
Phase margin exceeds 45° ensuring stability of the amplifier. 

Similar observations were made ee lower values of Rey to realize 
lower closed loop gains, and it was found that a larger value of the 
compensation capacitor, C35 was required in order to maintain stability. 
Peaking was also kept from growing to more serious levels by this 
additional compensation. 

_ The performance of the operational amplifier meets the requirements 


of this project. A summary of the electrical characteristics of the 


complete circuit is given in Chapter VII. 
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Fig. 4.11. Frequency response of the OP AMP 
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CHAPTER V 
AUTOMATIC GAIN CONTROL 

Amplitude stability is one of the main difficulties associated 
with the design of oscillators. It is known from theory that an 
ideal sinusoidal oscillator has its poles on the jw-axis of the s- 
plane and thus exhibits an undistorted constant amplitude output. In 
a practical circuit, however, the poles are placed slightly in the 
right half-plane to ensure starting the oscillation. This means 
that the output will be bounded by an exponentially increasing envelope 
which continues to grow until limited by the output capability of the 
power amplifier. To prevent this from happening, some form of amplitude 
regulation is necessary. 

There are two ways of stabilizing the amplitude of oscillation. 
One of these employs control circuits which monitor the instantaneous 
value of the output signal of the oscillator and introduce a nonlinearity 
into the maintaining amplifier when the amplitude exceeds a certain 
value. The effect of the nonlinearity is to momentarily reduce the gain 
of the amplifier with a subsequent stabilization of amplitude. Practical 
realizations of this kind of gain control may use zener diodes [36], 
[37], [38 pp 643], JFETs as voltage-controlled resistors [8], [39], and 
other similar approaches. In most of these circuits the control mechanism 
may only be triggered in one half-cycle (positive or negative) of the 
output waveform so that there is a possibility of amplitude build up in 
the unmonitored half-cycle. This might cause distortions in the output 
and limit the use of the oscillator to general purpose applications. 
Another drawback for this type of amplitude regulation is that it does 
not normally prevent the amplitude from falling below the desired level 
if, for example, the amplifier parameters change. This kind of problem 
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limits the temperature range in which the oscillator may operate 
properly. It is clear from the above discussion, therefore, that 
oscillators which use simple limiting-type amplitude regulation are 
adequate only in cases where amplitude stability and distortion require- 
ments are not very critical. 

A number of applications need oscillators with very low distortion 
in which case a more effective amplitude control scheme is required. 
One method of achieving a high degree of amplitude stability is to 
include an Automatic Gain Control (AGC) loop from the output of the 
entire oscillator network to some control point of the maintaining 
amplifier. In this chapter a detailed description of the design of such 
a loop is given with some experimental results. 
5.1 Amplitude Regulation 

A complete amplitude control network was designed to meet the 
following requirements: 

=F continuity of the amplitude versus control signal; 

ad ability to cover the desired amplitude range with a 

relatively small control signal range; 

iii. almost zero hysteresis for the control curve; 

iv. the control signal should not load the oscillator. 
Simple limiting type oscillators do not satisfy most of the above 
requirements. 
5.1.1 Experimental Circuit 

With reference to the block diagram of Fig. 3.2, the discussion 
in this section is on the design and testing of the block marked 
"Regulator". Initially, a simple circuit shown in Fig. 5.1 was used. 
This network is based on the experimental oscillator circuit of Fig. 3.1 


with a number of obvious modifications, plus a regulating network which 
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is capable of controlling the amplitude of oscillation. The oscillating 
network consisting of Q - Q. operates in the same manner as the networks 
of Chapter III. 

The regulating network shown in Fig. 5.1 has provision for two 
control inputs at A and B. Transistors Q, and Q% provide inversion, 
voltage gain and buffering for the input signals. The control current, 

I, is generated by the stage with Qe and Q5- Two diode-connected 


transistors Q and 2R, are added in the collector circuit of Q, 


OMI 1 
to compensate for thermal drifts in the stage having Q and Q- 
Before making a connection from the regulating circuit to the 
node N, correct biasing is obtained using Ry> R, and R, so that with A 
and B grounded the voltage at the common point of the two emitter 
resistors, R)> equals the voltage at node N. This being the case, there 
will be no control current flowing into or out of N when the circuits 
are connected with zero control input voltage, and all the current 
flowing through Q%& is conducted by Q, to Voc: 
When A is grounded and B is supplied with a voltage increasing from 
zero the voltage at the collector of Q drops and thus Qe conducts a 
current less than that conducted by Q- As a result a current is drawn 
from node N to make up for the difference, and in this case Q. has a 
higher bias current than Q = Q, whose biasing is unaffected. When 
the control voltage at B is made negative, the voltage at the collector 
of Q% rises and forces Q to conduct a current greater than the equilibrium 
value. Since Q, conducts a fixed current (when A is grounded), any 
excess amount conducted by & becomes the control current, I, which 
flows into node N and increases with more negative control voltage. 


Several readings of control voltage and amplitude were taken and 


the results are summarized by curve (1) of Fig. 5.2. Clearly the 
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experiment reveals one important result. Feeding I into N (by 

lowering the control voltage at B) causes an attenuation of amplitude, 
whereas drawing I from N causes a rise in amplitude. It is important 

to note also that the control characteristic is continuous throughout 
the control range including the point where the control variable changes 
sign. 

The experiment was repeated with the control voltage applied at 
A while B is grounded. It is easy to show that with positive control 
voltages the control current is drawn from N, while negative control 
voltages result in current I being fed into N. As seen from plot 
(2) of Fig. 5.2 a control characteristic much steeper than plot (1) 
is obtained. 

The third experiment was conducted with A and B connected in 
parallel so that the same control voltage was applied at these inputs. 
The resulting amplitude characteristic is displayed in curve (3) of 
Fig. 5.2 in which an attenuation rate much higher than in the first 
two cases is evident. 

5.1.2 Interpretation of Results 

It is important at this stage to look into the dependence of the 
slopes of the characteristics of Fig. 5.2 to some circuit parameters. 
Suppose a control voltage V is applied at B when A is grounded. The 
current, I, fed into N by the regulating circuit is approximated as 
R 


< = (561) 
aves 


“I = = 


where the negative sign means that the current is actually drawn from N. 
Thus if V is negative then I is positive, and this agrees with the 


previous discussion. Defining R,/R,R3 as a transconductance G Sad) 
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Figure 5.1. Simple amplitude regulation 
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Fig. 5.2. Amplitude control characteristics 
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becomes 


I = BEE C532) 


Similar expressions may be written for plots (2) and (3) for which the 


corresponding transconductances, G, and G3» have values G, = (2R,4R,,)/R,R, 


and G3 = 2(R) +R,)/R)R, respectively. Using Rj ca nl ae R, = 10 k and 
Roe io k we obtain G_ 4="0T780, “G-="057.and G, "= "1.04; 


3) 1 Z 3 


The above results indicate that the slopes of the curves of 
Fig. 5.2 depend on the circuit gain G, the higher the gain G the steeper 
the slope. Another observation is that for a given amplitude the curves 
represent the same value of control current, although this current has 
been generated by applying different values of control voltage to the 
corresponding control input. To confirm that this is true, the control 
current was computed for each control voltage which was originally 


recorded for curves (2) and (3) using equation (5.2) where G, was replaced 


i 
by G, and G35 respectively. It was found that the resulting control 
curves for amplitude versus control current are almost identical. This 
is shown in Fig. 5.3 in which a single control characteristic is 
equivalent to the previous curves. 

The importance of the above result is that the behaviour of 
amplitude with respect to control current is independent of the means 
by which this current is generated. Thus the circuit gain G determines 
the control range of the network, and it may therefore be adjusted to 
obtain a control characteristic suitable for a given application without 
affecting the operation of the oscillator. 


When the magnitude of control current is limited to values < 0.05 mA, 


the curve of Fig. 5.3 may then be approximated by a straight line. For 
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a complete representation of the amplitude dependence on current, 
however, a higher order curve gives a better estimate. 


Assuming that Fig. 5.3 is part of a parabola with shifted axes (X,Y) 


and a new origin at (-a,b), the equation of the curve may be written as 


Y (5.3) 


where X = xta and Y = y-b and c is a constant. This may be plotted as 


in Fig. 5.4. Also (5.3) may be written in terms of x and y as 


Ae ee +b (54) 


Kd 
" 


where y is the normalized amplitude and x is the control current. Using 
three (x,y) pairs taken from Fig. 5.3, it is possible to determine 

the constants a, b and c. This was done using (0,1), (0.1, 0.68) and 
(0.2, 0.14) in (5.4). The resulting system of equations yields 

a = 0.092, b= 1.095 and @faiii4. 

With the values of a, b, and c as noted above, (5.4) was evaluated 
for various values of x and the Becuirihe values of y were compared 
with the corresponding experimental values of amplitude. It was found 
that these values agree very well with a maximum error of about 22%. 

The representation of the dependence of amplitude on control current 
by (5.4) is therefore quite satisfactory for the purposes of this analysis. 

Differentiating (5.4) with respect to x, we obtain an expression 

describing the behaviour of the slope of the curve of Fig. 5.3 as a 


function of control current. This is 


& - 2c (xta) (5.5) 
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Fig. 5.4. Parabolic fit 
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Clearly the magnitude of the rate of change of amplitude increases 
linearly with control current, a relationship which is displayed in 
Fig. 5.5. The negative slope of this plot comes from the fact that c 
is negative in (5.4) and (5.5) as pointed out earlier. 

If the amplitude of oscillation is to be maintained at a certain 
value using a control current equal to x then a small deviation in 
amplitude, Ay, may be corrected using a change in control current, Ax, 


given by 
(526) 


which is a very valid approximation. 

The purpose of amplitude control for an oscillator is to be able 
to maintain the amplitude at a desired value with a worst case 
deviation of, say, 10%. Letting the desired amplitude be unity 
on the normalized scale, then the amplitude must be confined to within 
Peeanc O.oee8 Inetact this means - that a control current of 
magnitude greater than 0.05 mA will not be required. This may be seen 
from either Fig. 5.3 or equation (5.4). With the above control current 
limit, the corresponding range of amplitude is from 1.07 to 0.87. 

Since the desired control range is much Pewee een what was 
used in the experiment, it may be possible to simplify the mathematical 
representation of the control characteristic without loss of accuracy. 
friars do by representing the curve in question by a straight line 
tangent to the experimental curve at unity amplitude and zero control 
current. The slope of this tangent should agree with (5.5) when 
evaluated at x=9 and the y-axis intercept should be 1. Thus the linear 


approximation becomes 
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y = 2acx + 1 (5579 


It is now easy to calculate the relative error in the amplitude 
equation (5.7) as compared to the more exact representation of (5.4). 


Let this error be e. Then 


Bie aa 


e(x) = 5 
c(xta)” +b 


(528) 
where a = 0.092, b = 1.095, and c = -11.14. By limiting the control 
current, x, to values up to + 0.05 it is found that a maximum error of 
3% may occur. This is quite acceptable, and lower errors should be 
typical of the problem at hand since under normal operating conditions 
the oscillator is expected to maintain a constant amplitude. The above 
result shows that it is not necessary to use a nonlinear model to 
describe amplitude control for oscillators. This simplification is used 
to a great advantage in Scart oh 5.3 where the AGC model is developed. 
5.1.3 Amplitude Control Principle 

A qualitative description of the operation of the amplitude control 
circuit of Fig. 5.1 is now given. Assuming that Q, and Q. are identical, 
then they provide the same (but out of phase) small signal output 
currents to their respective collector loads. These are known to have 
the same feedback ratios at the frequency of oscillation, since the 
impedance of the capacitance, C, equals in magnitude to the tuning 
resistance, R, at resonance. Therefore the amount of negative feedback 
equals that of positive feedback, and this condition remains this 
way in an ideal oscillator to give the null operation. In practice 


parameter changes cause some imbalance which is accompanied by amplitude 
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88 
drifts. Thus if the amount of feedback current in one of the 
branches is altered by some means, the amplitude of oscillation would 
be regulated as desired. 

The method of current division at node N of Fig. 5.1 gives rise 
to a dependence of the magnitude of the small signal current reaching 
the RC network at the collector of Q. on the control current. There 
are two factors which contribute to this. The first is the actual 
division of the bias current between Q; and the control stage consisting 
of Qe and Q, which may be regulated using a control voltage. Thus 
the transconductance of Q. changes slightly relative to that of Q, 
which is fixed, and consequently the two transistors may provide 
slightly different gains to the small signals applied at their emitters. 
The second factor is based on the observations that the regulating 
network (connected to the oscillator at node N) acts as a shunt whose 
impedance varies slightly with the control current. In this case 
only a fraction of the small signal current arriving at N actually 
reaches the positive feedback RC network. By regulating this fraction 
it is possible to control the amplitude of oscillation. 

Although it is correct to say that the combined effect of current 
division resulting from the two factors aig WG above gives rise to an 
effective amplitude control scheme, it is not easy to generalize on 
which of the two factors is dominant. With a careful choice of a circuit 
and the operating point it is possible to eliminate one of the factors 
almost completely and study the control mechanism quantitatively. This 
we hope to do in future. An example of this is the amplitude control 
circuit used in [75] where the effect of shunting the current through 
the control network is more dominant than that of regulating the 
transistor gain in the signal path of the positive feedback branch of 


the oscillator. 
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Figure 5.6. Improved amplitude regulation 
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The nonlinear dependence of amplitude on control current which 
is evident from Fig. 5.3 is mainly due to the fact that the transistor 
is a nonlinear device especially when relatively large departures from 
the operating point are involved. In this protect however, only a 
very small range of control current is required and therefore the curves 
will be treated as linear in the neighbourhood of the operating point. 
5.1.4 Improved Amplitude Regulation 

The method of regulating the amplitude of an oscillator using 
current division has been described in previous sections. The experimental 
circuit of Fig. 5.1 only served the purpose of identifying some 
important circuit parameters and limitations. 

For this amplitude control to operate properly the circuit should 
be as symmetrical as possible so that thermal drift of the operating 
points and parameter changes have negligible effect on the amplitude. 
The experimental circuit of Fig. 5.1 is not good enough as far as 
symmetry is concerned, and its modification is necessary. There is a 
need for making the input stage of the regulating network completely 
differential with one input acting as a reference and the second one 
serving as a control input. Also the interface between the oscillating 
circuit and the regulating network should preserve the symmetry of 
both circuits and balance out any drifts which may be caused by the 
environment. When these drifts are not compensated for, there will be 
an undesirable control current which will contribute to amplitude 
instability and the whole control circuit will no longer be reliable. 

Lastly, the pnp stage consisting of Q should be modified to 
improve both its frequency performance and bias stability. Whereas 
the latter is easy to deal with using standard compensation procedures, 


the poor frequency response of the pnp stage is rather difficult to 
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improve. These and other problems were examined carefully and steps 
were taken to develop circuits with better accuracy and reliability. 

A circuit which provides the required Sr ee compensation and 
improved performance is shown in Fig. SVG Here Q compensates for 
the base-to-emitter voltage drift of one The resistance R) converts 
voltage into current as in the old circuit, but this time with minimal 
thermal sensitivity. This is due to the fact that Q,- form a 
differential circuit which, with Q10 drawing the same current from Qe 
as Qy does from Qs is well balanced around R,- 
The input stage of the regulating network consists of Qi9 - Qs 
with the base of Qo connected to a reference voltage (ground in this 
case) and that of Q33 acting as a control voltage input terminal. The 
degeneration resistance, Ry, does not have to be as large as that in 
Pio. Land higher voltage gain may easily be obtained. With R 


2 


and R, fixed to some convenient values, the circuit transconductance, 


G, may be adjusted using R, without disturbing the bias of the circuit. 


> 
Darlington pairs have been used wherever high input impedance is needed 
to minimize loading. 

The operation of the improved circuit is basically the same as 
that of Fig. 5.1 and all the control characteristics are of the same 
form as those presented earlier. It should be noted here that the 
amplitude of oscillation increases with control voltage and an inverter 


will be needed in the feedback loop to ensure stability for the system. 


This will be dealt with later in this chapter. 


Since the control input signal is a dc voltage proportional to the 


output swing of the oscillator, a high frequency rectifier is needed to 
act as an amplitude detector. 
5.2 High-frequency Rectifier 


A circuit for rectifying sinusoidal signals up to 1 MHz has been 
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designed. The main requirements on this circuit are large bandwidth, 
good accuracy and compatibility with IC fabrication. Obviously these 
requirements rule out the use of simple signal diodes as rectifiers 
as they suffer from switching errors at high frequencies. Commonly used 
precision rectifiers using OP AMPs are inadequate due to bandwidth 
limitations of the amplifiers and the need for bulky capacitors which 
are unsuitable in IC design. Amplitude detectors using sample and hold 
circuits may work in a wide frequency range, but they are not so 
suitable for IC fabrication. 

Methods based on multiplier circuits with proper compensation 
are relatively insensitive to fabrication errors, and they have high 
frequency and speed capabilities which are important in rectifier 
circuits. In this presentation a synchronous detector is used. This 
has two main parts, a squaring input stage and a transconductance 
multiplier. 
5.2.1 Operation of Basic Rectifier 

The block diagram of the complete rectifier circuit is shown in 
Fig. 5.7. Here a sinusoidal input signal is transformed into a square 
wave which is applied to one input “as of the multiplier to act as 
a switch. The second pair of inputs receives the original sinusoidal 
signal and is isolated from the input stage by a buffer. Two out of 
phase rectified signals (only one is shown) are available at the outputs 
of the multiplier. The output stage provides amplification, level-shifting, 
tnversion and filtering. A dc output proportional in magnitude to the 
amplitude of the input signal results. 

A simplified circuit of the rectifier is shown in Fig. 5.8. The 
input stage is a differential amplifier in which Q, and Q, have active 


loads. The high gain typical of such a stage with the clipping action of 
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Input Transconductance Level-shifting 


Amplifier Multiplier Amplifier 


Filter & 


Regulating Inverter 


Network 


Fig. 5.7. Block diagram for the rectifier. 


Fig. 5.8. A simplified schematic of the rectifier 
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Ds and D, yield a good square wave signal which is used to turn on 
Q, and Q& or Sh and Q; alternatively. 

During a positive half-cycle at the base of Qi» transistors 
Q, and & are ON whereas Q, and Q. are OFF. A positive half-cycle will 
appear at the collector of Q3> due to the action of Q, and QV, and a 
negative one appears at the collector of Qe» due to Qe and Q.- When 
a negative half-cycle comes one the polarity of the square wave 
changes. Q, and Q. are ON while Q, and & are OFF. This switching 
action coupled with the phase reversal of the signal reaching Q, and 
Qe results in another positive half-cycle at the collector of Q, (due 
to Qe and Q,) and a negative one at the collector of & (due to Q, and 
Q.)> and the process continues. Thus the resistor connected to the 
collectors of Q, and Q; provides positive full-wave rectified output 
while that on the other pair of collectors has the opposite sign. 

Fig. 5.8 shows one of the outputs connected to the output stage 
consisting of Q and R10: The bigs current in Qi is fairly insensitive 


to the V é drift since Q% compensates for this. When the amplitude 


b 
of the input signal rises there is a corresponding rise in the base 
voltage of Qi made possible by the filter capacitor, C. This change 
in base voltage is amplified and inverted by the R10 stage which gives 
a proportional fall in the dc output. 

As seen from Fig. 5.8 the rectifier circuit is simple and suitable 
for IC fabrication. The multiplier circuit is a high frequency network, 
and the output stage will handle a wide range of frequencies since the 


signal reaching the pnp transistor, Q is already rectified and filtered. 


10? 


Bandwidth limitations of the circuit will be mainly due to the input 


stage which has pnp transistors as active loads for QQ and Q- 
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5.2.2 Conversion Errors 

One of the major sources of conversion error is the a mismatch 
for Q, and Q, or Q, and Qe which gives rise to unequal peak voltages for 
the half cycles of the rectified signals. This type of error cannot 
be neglected for ac to dc conversions where exact rms values are needed, 
and in such cases a high beta process will have to be used to reduce the 
effect of a mismatch. For the purpose of this project, however, exact 
rms values are not needed and the circuit will still maintain the 
proportionality between input and output regardless of slight mismatches. 

Another cause of error is the offset voltage of the input stage 
which causes switching errors and a subsequent reduction in the rectified 
average voltage. It has been found [66] that the rectifier error is 
a function of the square of the ratio ba where i is the squarer 
offset voltage and V is the peak voltage (or amplitude) of the input 
signal. This is in fact the case when the circuit gain is unity between 
the input of the squarer and the outputs of the multiplier, meaning 
that the input and rectified signals have equal peak values. To reduce 
the effect of offset voltage the multiplier gain should be set to some 
value greater than unity. This may Be done by choosing convenient 
resistor values in the circuit of Fig. 5.8. 

The main concern is to design a circuit which maintains the 
simplicity of Fig. 5.8 but with a higher power supply independence, 
less thermal drift, higher gain accuracy and compensation for offset 
voltage. 
5.2.3 Complete Rectifier Circuit 

The final circuit is shown in Fig. 5.9. It features supply 
independent voltage sources, Bias, - Bias,, which are derivable from 


the same reference voltage. While Bias, together with diodes D, and D, 
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96 
determine a convenient bias for the multiplier transistors Qi9 - Qoo > 
Bias, ensures that the input biasing for the output stage (base of Q, 3) 
is fairly independent of the supply voltage. This is very important 
because the base voltage of Qr6 has to be specified exactly for proper 
ac to de conversion. Bias, maintains a constant current in Q56 depending 


on the setting of Bias, and the size of the rectified signal. 


2 

Darlington pairs are used in both the input and multiplier stages 
to give high input impedance, high current gain, and isolation between 
the stages. Gain stability is important and thus emitter degeneration 
resistors were used. Matching of these resistors and the stability of 
the bias currents (derived from Bias, ) enhance the gain stability of 
the synchronous detector. 

The input stage is now a cascode amplifier with Q% - Q0 driven 
in the common-base configuration. This modification improves the 
frequency response of the stage by reducing the input-to-output 
parasitics as already pointed out in previous chapters. Diodes D, and 


1 


Dd, have the same function as Dy and dD. in Fig. 5.8, whereas D, and D, 
are used to prevent Qi and Qo from saturating. 

A stage consisting of Q33 and ay has been added to do more 
than just act as a buffer. With device mismatches that are to be 
expected in any manufacturing process there will be some offset voltage 
at the output of the squarer, between the collectors of Qi and Qo: 
Without compensation this offset voltage results in switching errors 
which are dependent on the size of the input signal as explained earlier. 


Using the potentiometer P, the bias currents in Q33 and Qi4 may be 


- 


adjusted to obtain equal bias voltages at the bases of Qo - This 


Q2° 


compensation results in better symmetry of the rectified signals and 


higher accuracy of the rectifier circuit. 
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The output stage is very similar to the one used in Fig. 5.8, the 


main addition being Q7 - which provide a compensated low impedance 


258 
output. Adjustment of the dc output voltage may be done easily using 
Po: The gain of the stage is determined by a ratio of resistors and is 
therefore fairly stable with temperature. 

Frequency response measurements were taken using a small signal 
input voltage of about 300 mV peak-to-peak. The rectified signal had 
a low frequency peak value of about 500 mV which represented a voltage 
gain of 3.3. As seen in Fig. 5.10(a) the bandwidth of the rectifier is 
about 1 MHz. 

Keeping the amplitude of the input signal fixed, the dc output 
voltage of the complete rectifier circuit was noted for various values 
of frequency. The resulting response is shown in Fig. 5.10(b), in which 
the high frequency limit corresponds to the bandwidth obtained in Fig. 
5.10(a), and the low frequency limit corresponds to the characteristic 
frequency of the filter. This frequency should be lower than that of 
any signal frequency of interest for proper conversion, and if extension 
of the operating zone to lower frequencies is needed the value of the 
filter capacitor, Cs should be ee 

Lastly the input signal frequency was fixed at 200 KHz and the 
variation of the output voltage with the size of the input signal was 
noted. A linear relationship between input and output was found to hold, 
and this is shown in Fig. 5.10(c). 

5.3 AGC Loop 

Automatic gain control (AGC) is simply a closed-loop control 
system which automatically adjusts the gain of a controlled amplifier 
to maintain the amplitude of the output at a constant value regardless 


of input signal variations. The desired output is predetermined, and 
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Fig. 5.10. Rectifier characteristics 
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any variation from this value is sensed and amplified into an error 
signal whose size and polarity are such that the amplitude variation 
will be forced to zero by the feedback loop. 

AGC loops are used in many modern communication systems ranging 
from simple radio and mobile links to more complex satellite systems. 
In most of these systems, however, the input signal level may vary 
rapidly and over a wide range of values. When this is the case the 
linear AGC models [67] - [71] are no longer helpful and a nonlinear 
problem has to be solved. Plotkin [72] attempted a solution based on 
an assumption that the gain of the amplifier was of the form vy” where 
v is the control voltage and a is a constant. With this approach only 
a small improvement of gain dynamic range over the linear models was 
obtained. In papers by Ohlson [73] and Green [74] an exponential gain 
control function was used to describe AGC systems giving the desired 
range of gain with a moderate range of the control signal. 
5.3.1 Linear AGC Model for Oscillators 

The problem of amplitude regulation for oscillators differs 
from that of amplifiers in a number of ways. One very important difference 
is that in oscillators there is no étdernan input signal, and in practice 
there is no way of making measurements at the input of the maintaining 
amplifier without disturbing the oscillations. It may only be said that 
the "input", which is generated internally, is of the same form (shape 
and phase) as the output signal the only difference being the amplitude. 
Usually in oscillators sudden changes in the amplitude of the output are 
unrealistic, and the factors that lead to amplitude change are rather 
slow in nature. The only time a large and abrupt change in amplitude 
is experienced is during power cues, and care should be taken in 


the design of AGC loops for oscillators to make sure that they operate 
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properly when power is turned on. 

It is quite correct to assume that when an oscillator is set 
to operate at a certain point with some value of amplitude then only 
small variations about the operating point occur. Obviously a large 
gain dynamic range for the AGC system is not necessary and a linear 
model representation of the gain control function is accurate enough. 

Consider an AGC loop shown in Fig. 5.11 which is a basic amplitude 
control scheme for an amplifier. The input signal, z, is amplified to 
give rise to an output signal y whose amplitude is measured using a 
detector and filter whose transfer functions are K and Kp» respectively. 
The output of these blocks is a de voltage, E, which is proportional to 
the measured amplitude. This voltage is compared with a suitable 
reference E. and the error signal equal to E - EL. is converted into a 


control current I by the loop amplifier with transconductance G. Thus 


I = G(E - E.) (559) 
Adjustments are made so that the control current is zero when the output 
is of the desired amplitude and non zero otherwise. 

The gain of the amplifier is A(1I) which is a function of the 


control current. This gain may be described by the equation 
A(I) = Ay + Ko! (5.10) 


where A. is the value of the gain when the control current is zero and 
K. is the slope of the control characteristic at I=0. It was shown 

in Section 5.1 that this linear relationship between gain (or amplitude) 
and control current is accurate enough as long as I is limited to small 


values. 
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Suppose the input z changes by a small amount Az. There will 
be a pilot change in the amplitude of the output signal given by A Az. 
Assuming that the AGC loop corrects this by supplying an appropriate 


value of control current, the new amplifier gain must satisfy 
(A, + AA) (z, + Az) = y re By 
where y is the desired output signal and z, is the corresponding input 


for zero control current. Thus Zz + Az is a general expression for z. 


Since y is to be insensitive to changes in z it is also true that 


y= Az C5Tr2) 


and by using (5.12) in (5.11) the required change in gain is found to 


be 


(413) 


This may always be achieved as long as the relative change in z is 
small so that the control current may be generated without saturating 


the AGC loop. In such conditions (5.13) may be approximated to 
MAA =-A Az/z Cyrr6) 
(e) fe) 
which shows that the change in gain is proportional to the change in 


the input signal. From (5.10) the change in gain results from the 


change AI in control current according to 
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AA = KAI (5.15) 


The result that AI is proportional to the relative change in 
the amplitude of the input signal is of interest from the design point 
of view. Knowing the maximum allowable change Az/z it is possible 
to determine the required range of control current. The AGC network 
should come up with the necessary current without loss of linearity 
of the system. The overall loop gain should be sufficiently large for 
good operation including small AGC loop time constant and steady-state 
error (71). 

A similar description of the AGC loop may be given for an 
oscillator with only minor modifications in the foregoing discussion. 
The block diagram of Fig. 5.12 is a simplified AGC circuit for an 
oscillator which is realized using an amplifier whose gain may be 
controlled in the same manner as that of Fig. 5.11. A passive RC network 
is added to determine the frequency of oscillation, and the output 
amplifier with gain K provides the necessary power and isolation needed 
to minimize loading. It is important to note that the input z, now 
derived from the output, is no longer independent of the output. 

In practical systems the AGC loop filter consists of a simple low- 
pass RC filter with a time constant much longer than the closed-loop 
response time. It is therefore sufficiently accurate to approximate it 
by a pure integrator for the steady-state analysis that follows. The 
control current, now denoted by x(t) as shown in Fig. 5.12, is assumed 
to have an initial value of zero. The control current may be expressed 


in terms of the output y as 


x = G(Kpy - E.) (5.16) 
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Fig. 5.11. Basic amplifier AGC loop 
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where KY is a de voltage at the output of the detector. Replacing 
y by KA(t) z(t) where A(t) is the gain given by (5.10) with I replaced 


by x(t) then (5.16) may be expressed as 


x - GKK,K xz = G(KK,A z - E.) (5.17) 


This is a linear first-order differential equation of the form that 


admits the use of the integration factor u(t) given by 


Ue 
u(t) = exp f - GRK,K z(t) dt 
re) 


to give the solution of x in terms of z as 


il 
Wes dt] (5.18) 


t ; 
x(t) = u(t) ? G(KK,A z(t) - E.) 
The solution of (5.18) may be used to determine A(t) from (5.10), 
and also the AGC loop time constant may be calculated using conventional 
methods where z(t) is considered to be a step function. It may be 
shown [71] that the loop time constant is inversely proportional to the 
loop gain, and also it depends on the polarity of the input step. High 
loop gain also reduces steady-state errors of the system. Although 
this description is detailed enough, it does not give a clear picture 
of what happends in an oscillator where the input is internally generated. 
It is more interesting to reduce the complexity of the problem and 
use a simpler approach. 
Assume that only small amplitude variations occur and the 


oscillator operates in a linear fashion (close to the operating point). 
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Then the amplitude y is linearly related to gain A, the gain is a 
linear function of the control current x, and this implies that y is 
a linear function of x. Let y be a normalized amplitude of the form 


(similar to (5.10) ) 

y= lt Kx (5.19) 
Combining (5.16) and (5.19) yields a differential equation 

x - GK, Kx = G(K,-E) (5.20) 
which has a solution 

7 14 

x(t) = exp (GK,K_t) fie E /Kp) G. ay 
where Ke is a negative number representing the slope of the control 
characteristic as that in Fig. 5.3 when the control current is zero. 


It should be noted from Fig. 5.12 that for the normalized case where 


y = 1 is the desired amplitude, E/K = 1. Thus the steady-state 


values for control current x, the amplitude y, and the amplifier gain 


are given as 


=) =l1- E/K, = 0 (5.22) 
sted Paes OSG Kx (~) =] (5-23) 
A(2) = A, + K, x(°) = A, CS A240 


where AG is identified as the critical gain for oscillation and equals 


3 for a Wien-type oscillator such as that designed in this project. 
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It is evident from (5.22) - (5.24) that the steady-state 
behaviour of amplitude and gain depends on the accuracy of the transfer 
coefficient, K.> of the amplitude detector or rectifier. This was 
looked into in Section 5.2. For amplitudes other than unity the value 
of KR may be adjusted accordingly and the equations modified for the 


general case. 


5.3.2 Stability Analysis of AGC Loop 

A simplified analysis of the stability of the AGC loop is based on 
Fig. 5.12 which has already been described. In this model we assume 
that all the output current ii (t) of the maintaining amplifier goes 
through the passive RC network since the output amplifier has a very 
high input impedance. As pointed out in the previous section the transfer 
coefficient A(1) combines the constant current gain of the amplifier 
which is fixed by negative feedback and the current-controlled part of 
the gain which is regulated by the active current divider. 

For small values of control current x(t) the gain of the amplifier 


varies linearly with current as in (5.10) which may be written as 
A(t) = A, + Kx (t) (5325) 

where A, = 3 and Ko is the slope of the tangent to the control curve 

at x=0. The output current may be expressed in terms of the input 


current by the equation 


i (t) = A(t) i, (t) (5.26) 
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showing that it is a function of time which also depends on the control 
current. 

The passive RC network in Fig. 5.12 is simply a parallel RC branch 
connected from the output of the amplifier to ground and a series RC 
branch connected from the output to the input of the amplifier. The 
transforms I, (s) and I (s) of i, (t) and i, (t) are related to each other 


by the current divider principle from which 
I, (s) = I (s) one) (8) C227) 


where zal=) is the impedance of the parallel RC branch and Z .(s) is 


the impedance of series RC branch. Simplifying (5.27) and noting that 


2 ag 


si - and s = 5 
dt 


then we obtain a second order differential equation 


(5.28) 


where ae T/RC. 

In practice the processes in the AGC loop that lead to changes 
in the amplifier gain are much slower than those in the basic oscillating 
circuit. It may therefore be assumed that the following approximations 


hold for the steady state case, i.e. 


CO and A(t) =.0 2 


Thus (5.28) may be written using (5.26) and the above approximations to 
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which is a second order differential equation involving the output 


current only. This equation may be solved [75.8 =1076] by trying 
i (t) = I(t) sin w t (5.30) 


where T(t) is a "slow'' time function which represents the behaviour 


of amplitude. Thus 
— wt (t) cos wt (5231) 
and this is used on the right hand side of (5.29) which then becomes 


Ce) eee 4: 
5 + wig = w A(t) 3] I (t)cos wot (5% 32) 


The solution for the amplitude function I(t) in the above case is 


obtained from the differential equation [76] 


dI(t) ; To Ce) 


Vii s . w [A(t)-3] (5.33) 


and this gives 


ie 
W 
et ate =) cat ea J 5 LAtt)-3] dt (5.34) 
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where 1 is the steady-state value of the amplitude when x(t)=0. Using 
(5.25) in the above equation with Aa=3 as the critical gain for 


oscillation, then 


P< ae dt Con oo) 


Assuming that the control current changes as a step function and 


uSing a particular case where 


Ce) au oO 
(5.36) 
x(t) =Ax tO 
then 
Batt) =e te=-0 
T(t) = 1 oa AI (t) (5, 370) 
w K Axt 
=I exp[ = = te 2.0 


The above equation shows a number of important properties of the AGC 

loop being described. First we note that the amplitude is not only 

a function of K and x, but it also depends on the frequency of 
oscillation, Wo By inspection of the operation of the AGC loop, and 

from the results of experiments reported earlier K. is a negative constant. 
Therefore when Ax > 0, meaning that an amplitude greater than Ir has 

been nC the AGC loop forces the amplitude to decrease in 

accordance to (5.37). Also when Ax < 0, meaning that there is an 

apparent loss of amplitude, the oscillator will recover from this dist- 
urbance in a similar manner. This last feature whereby loss of 


amplitude may be corrected by feedback means is absent in most, if not 
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all, RC oscillator circuits which have been reported in the literature. 
A final observation is that the term w Kx /2 may be small in which 
case the control process will be very slow. As the energy stored in 
the oscillating system cannot disappear instantly, the above observation 
is a strong limitation in the design of the AGC loop. 

The behaviour of the amplitude of the oscillator in response to 
a control current has been discussed in detail. It is now important to 
look into the problem of stability for the complete AGC loop. A 
simplified model of the loop (Fig. 5.13) is used for this purpose. 
Here, the oscillator circuit has been replaced by a block with transfer 
function T(s), and we consider small changes in control current and ~ 
examine the changes in the output current. From (5.37) if Ax is assumed 


to be small then 


T Yok Axt 
AI (t) Saar dae tae 0 (5-35) 
and this equation shows that T(t) is a ramp. Thus T(s) = AT (s)/Ax(s) 


is given by 


(5539) 


This is a very interesting result which implies that the oscillator 
block is indeed an integrator as far as amplitude control is concerned. 
Consequently there will be more than one integrator in the complete 
loop (including the loop filter), and care should be taken in the choice 
of the transfer function of the filter to ensure stability. 

The poles of the amplitude control system are determined by the 


zeros of the return difference, L, given by 
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Fig. 5.13. Simplified AGC loop for stability analysis 
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=l- GKK,K,T(s) (5.40) 


Suppose the loop filter is chosen to be a pure integrator so that 


Fo 


Ke = me (5.41) 


where Keo is a constant and tT., is the filter time constant. The zeros 


F 


of (5.40) are then given by the roots of the equation 


2 Eis 


s = 0, K,<0 (54.42) 


It is clear that the roots of the above equation are pure imaginary, 
meaning that the resulting amplitude control system is unstable and 
the oscillator has self-modulation. This can be corrected by changing 
the nature of the characteristic equation. Let the filter transfer 


function be of the form 


Fo 


Kp = TpstT | (5.439 


The new characteristic equation becomes 


G Kot 
rigger le WOE R's into | Ok <0 (5.44) 
* eae: (ene S 
and the zeros of this equation have negative real parts. Thus the 
control loop will be stable and the self-modulation problem will not 
arise. Thus Ce was positioned as shown in Fig. 5.9. 


5.4 Summary 


A linear AGC model for an oscillator has been described. It was 
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assumed that since only small variations in the amplitude may occur 
then the amplifier gain, the control current and amplitude of oscillation 
are related by linear functions. This has resulted in a simple, but 
quite adequate, model of the AGC circuit for amplitude control. A high 
loop gain is needed to improve the response time and steady-state behaviour 
of the system. 

The use of an active current divider in the positive feedback signal 
path of the oscillator has proved to be a very effective amplitude 
stabilization technique. Only a relatively small control current is needed 
to change the amplitude of oscillation to any desired practical value. 

The main attractive feature of the new amplitude control principle is 
that it works without disturbing the oscillation condition of the circuit. 

The study of the stability problem of the AGC loop has shown 
that an oscillator has an inherent property of an integrator, a fact 
which should be taken into account when designing the loop. The transfer 
function of the loop filter, the position of the filter in the loop 
and the components chosen for its design should be selected with care. 

When power is turned on, the only time when abrupt changes in the 
amplitude are expected, the AGC loop starts up the oscillator without 
any problem. This may be seen from Fig. 5.12 where y is initially zero 
and the control current takes on maximum negative value giving Kx (t) a 
maximum positive value (since K.<0). Thus the initial gain of the 
sustaining amplifier which is described by (5.25) is greater than 3, 
and the amplitude of oscillation grows until limited by the AGC circuit. 

Experimental circuits for oscillators with amplitude stabilization 
are given in Chapter III and [75], and the final circuit is described 


in Chapter VII. 
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CHAPTER VI 
FREQUENCY CONTROL 
Integrated RC oscillators are very sensitive to temperature 
changes. The frequency of oscillation has a relatively large temperature 
coefficient compared to oscillators designed using discrete components. 
Some methods for minimizing the frequency drift have been suggested. 
These methods, however, are only good for low frequency applications. 
A method for stabilizing the frequency of oscillation using overall 
feedback has been developed. It utilizes gain-controlled tuning thus 
eliminating the need for variable components which are not very practical 
in integrated form. Improved stability for frequencies in the 1 MHz 
range has been achieved, and it is possible to vary the frequency of 
oscillation using an external analog signal. The frequency control 
loop also incorporates FSK and FM sweep inputs which are very desirable 


for many applications in communication. 


OL Introduction 

The frequency stabilization loop shown in Fig. 6.1 has three 
major parts, a current-controlled oscillator (CCO), a frequency divider 
and a frequency-to-current (F-I) converter. The CCO was realized using 
Gilbert's gain block as a current-controlled current source (CCCS) with 
gain K, and a modified fixed frequency Wien-type oscillator. With 
this arrangement, the frequency of oscillation is a function of Ky 
when the tuning components (R and C) are fixed. 

The F-I converter consists of a frequency-to-voltage (F-V) converter 
and a voltage-to-current (V-I) converter. The former is a National 
Semiconductor LM2917 IC which has a frequency conversion range from 


0 Hz to about 200 KHz. A comparator sets the equilibrium point for the 
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Fig. 6.1. Frequency control block diagram 
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loop, and the low pass filter (LPF) minimizes the ripple in the 
converted paeele 

The frequency divider is needed to extend the operating range 
for the F-V converter to frequencies above 1 MHz. When the switch §S 
is in the SCALED position frequency division by 10 is done on the 
signal before it reaches the input of the F-V converter. 

The feedback loop is designed in such a way that it opposes any 
change in frequency once the reference is conveniently set. A slight 
frequency drift gives rise to an error signal generated by the F-I 


converter. This causes a small change in the gain K, of the CCCS which 


2 
in turn forces the frequency of oscillation to retain its original 


value. 


6.2 Current-controlled Oscillator 

The Wien-type circuit shown in Fig. 6.2(a) is basically a 
fixed-frequency oscillator. Tuning may be achieved by using variable 
capacitors Cy and Co. This approach, however, is not convenient for 
IC design and it cannot give good results at high frequencies. Moreover, 
perfect matching of the variable components is required throughout the 
tuning range since C, and C, will otherwise disturb the oscillation 
condition. 

The idea of gain-controlled tuning has been known for some time. 
Holt and Lee [24] analysed a class of RC oscillators which eliminates 
the need for variable tuning components. Two gain blocks were used. 
One takes care of the oscillation condition and the other controls the 
frequency of oscillation. Voltage operational amplifiers were used 
in the analysis. 

Yuh Sun [9] worked on the same lines and generated several 


sinusoidal oscillators using all possible combinations of voltage and 


current amplifiers. The results of his analysis show that some 


: oad) 


od1 nt shqqes ons aestecekm CRS pina aa ang 3 i wal. bas & .qook 


—e 


2 7 “sang fone svma9 


JIstagea sty Uae ot bebeer 28 sebivib conanpert iT 7 


- 
as 
ns aly ae 


i: evortn eaters upest. o2 197 79v003 ot ad 
et (ow caledveh Possoper? eats — TADAI2 ots ak 
ee 
rravnoo V-E of3 to daque ofa wadanpe. o4 ovetes bate , 
- 7 it on : 
e2ougqg0 32 3883 Yew 2 done vk- Beepteok’ ti ae ¥oedbent edt 


‘ 7 = © 
tigtie A Vitpoinermes ef getageleg sd7 earo qcreupes? ol oping 
= aA 
x12 qd bedsyetee lenate rome eo of aeke aovig J1itb yous 
—~— i] 
ide 2505 i 30 .f ira att el ognedo Dhawe s tegues ahdT . tes3en 
| = § ar 
7 1 Of gutiiiiteeo te yousepes? eds e99702 aa 
7 _ 7 : e 
- ~ a. ‘ 
: bier 
= 7 7 
—s 7 - 
- - | ae 
- : “/ 7. 
rosailian® ace iti ea “< 
: = ; a 
2 +s e+ ined 4 | { | ar. ge" ai muorme Shaat to a ott 
a 


eau ¥O DaVS’ ad vi gabeut Lxersiitoae ‘yousupss? howd ; 

" We <4 / Ode 7 

ivi rostrievens tpn ah ase tat eta? sian po 2703 & 
ee er. 

,T9VWwStOe .gaSRaapaot Mid 30 apleed huey vohy Jarerng at bos ngtaob 


iy 2 * * : “& : 
903 tuesguatms bartupar 2h 22 sneeies af deriaw. 93 a gatdoted is@ 

Noltjiftomo wit disteth os tw rite ET ier. < bas a eunte sgnes gn bet 
9 gee 


a | ee 
= 
A= 


. - r 
, # * : aay 


é 
— 
2 


(3823 Smet ¥ot rend mesd ane gee beilorsoaa-uteg o sobs ; 
: atovahlives GR fe. sna> = bamelane =e) va 
-boaw sy¥sv edugta ateg owl “ipaq ante a 


ota 2 latamna o“4on off bee nabs theen wat 


ee oven pM iqas Fano seesge 


ri mic = \ 


asisriie’tas 4 


* 


ae 


118 
oscillators may be tuned by varying the gain of one amplifier and 
without disturbing the oscillation condition. 

The current-controlled oscillator for this project was designed 
using the configuration in Fig. 6.2(b). The current amplifier with 
gain K) maintains the oscillation whereas the one with current gain 
Ky determines the oscillation frequency. Current amplifiers have been 
chosen (rather than voltage amplifiers) because they may be realized 
in integrated form using active devices alone, or nearly so. Also 
some configurations give wide bandwidth with a minimal number of 
components. Another attractive feature of current amplifiers is that 
they can easily be designed for variable gain applications. 

It is easy to write loop and node equations for the circuit 
of Fig. 6.2(b) and (c) assuming zero input impedance and infinite output 
impedance for each amplifier. The characteristic equation is found to 


be 


2 
C,R,C,R,(1-K,)s° + [c,R,+ CR,+ CR, (1-K,)] s+1=0 


(O51) 


Harmonic oscillation occurs when the coefficient of s in (6.1) is zero. 


Thus the critical value for K, is given by 


(Gr 2) 


which is identical to the result in (2.4). The oscillation frequency 


is obtained by using (6.2) in (6.1). It becomes 


peice K,<0 (6.3) 
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where Wo is the frequency of oscillation of the basic Wien-type RC 
oscillator. It is evident from (6.3) that tuning is possible, and this 
is done by varying Ky. The frequency of oscillation is increased by 
lowering the magnitude of Kos and vice versa. 

In practice the value of [Ko | may not be lower than unity. This 


means that the maximum frequency of oscillation would be in the 
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neighbourhood of w/72. Although frequencies up to Wy cannot be obtained 


using the circuit under discussion, there are two convenient features 


of this arrangement. Low frequencies may be generated from the circuit 


with relatively low values of capacitances. Thus low-frequency oscillators 


may be realized in integrated form at a great saving of raw materials. 


Also the problem of exceeding the gain-bandwidth of the K,-block does 


not arise as the frequency of oscillation is increased by lowering the 


magnitude of the gain K,- 


The experimental CCO was designed as shown in Fig. 6.3(a). The 
CCCS consists of Q, - Q, where QQ) - Q, are connected as a single input 
current amplifier with Q. = Q, acting as an active load. The current 


gain of this stage (Q, - Q) is determined by the ratio of I, to I> 


and it is fairly temperature insensitive. The second block consisting 
of Qe = Q33 is based on the Wien-type oscillator discussed in Chapters 


III and IV. Its gain is fixed by the feedback components R, and Ry, 


to a value K oS. 


The tuning curve for the CCO was determined experimentally using 
R = 1k, C = 330 pF and K, = 4. The gain of the CCCS was increased 


from almost unity to 14 (in magnitude) and the corresponding frequency 


of oscillation was measured for each setting. It was not possible 


to vary the gain outside this range as the output signal either disappeared 
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or was very distorted. 

The results of the experiment are shown in Fig. 6.3(b) in which 
the practical tuning range is from 140 KHz to 325 KHz. The ratio of 
the maximum frequency to the minimum frequency is about 2.3 and similar 
results were obtained even when different values of R and C were used. 
The theoretical tuning curve was also plotted using computed values of 
w obtained from (6.3), and there is a good agreement between the 
theoretical curve and the experimental curve. 

It is not known at present why the tuning ratio should be small. 
This problem needs careful study,and it is hoped that if the parameters 


determining the tuning ratio could be identified then ways of extending 


the tuning range would be determined. 


6.3 Frequency-to-Voltage Converter 

Many communication and industrial systems use F-V converters to 
measure frequency in terms of an analog signal. It is desirable that 
such converters should have a linear dependence of the output voltage 
on the input frequency. Also there should be no output when the input 
frequency is zero. There are several F-V converter IC's in the market 
and they differ greatly in their frequency performance and design 
flexibility. 

The LM2917 F-V IC was used in this project as it requires a 
minimum number of additional components, and it has both input and 
output interface circuitry on chip. The input amplifier has a built- 
in hysteresis and the output comparator is not internally connected 
to the rest of the circuit. These features make this device suitable 
for a number of control applications. A detailed account of the 


operation of this F-V converter is given in the National Semiconductor 
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Linear Data Book [64]. 

The F-V converter IC was connected as shown in Fig. 6.4(a). The 
input signal was applied to the noninverting terminal (pin 1) and the 
effect of Ci on the conversion frequency range was investigated. It 
was found that when Cc is reduced the maximum frequency for proper 
operation increases. Three conversion curves were plotted for 


C) = 0.001 uF, C, = 220 pF and C) = 100 pF, with R, = 20k and C, = 0.1 uF 


nf L Zz 


in all cases. The corresponding maximum frequencies were 18 kHz, 105 kHz 
and 175 kHz, respectively. These results correspond to points in 
Fig. 6.4(b) where the output voltage starts decreasing with increasing 
frequency. 

Values of C, > 100 pF are recommended in the literature as 
conversion errors become more dominant when smaller capacitances are 


used. The voltage at pin 3 has a ripple which is proportional to the 


Tata ouvots Gato C 


1 2° It is therefore important to make C 


9 much larger 


than C,- But this cannot be done without limit since the response time 
(the time it takes for the output voltage to stabilize to a new value 


after a frequency change) increases as the size of C, increases. There 


2 
are other considerations which limit the component values for optimum 


operation, and a compromise between frequency range, ripple, linearity 


and response time should be made with care for a given application. 


6.4 Simple Frequency Control Circuit 

A simple circuit for controlling the frequency of oscillation was 
built as shown in Fig. 6.5 where the CCO block represents the circuit 
of Fig. 6.3(a). A buffer stage consisting of Q14 provides the necessary 
level shifting before the signal is applied to the components of the 


control loop. The frequency divider block consists of two CMOS devices, 
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the 74C14 Schmitt trigger and the 74C90 decade counter. The switch 


S is used to connect (disconnect) the divider block to (from) the control 
loop. 

The F-V converter measures the frequency of the signal at pin l 
and produces a de voltage at pin 3. This voltage increases with increasing 
frequency. The noninverting input of the output comparator is connected 
to a reference voltage whereas the inverting input is connected to 


pin 3. Thus when the voltage at pin 3 is just greater than VE the comparator 


ef 


switches and the voltage at pin 5 falls. The circuit behaves in the 


opposite manner when V, is just less than va In equilibrium the 


3 bel 


voltage at the base of Q16 is fairly constant and a steady reference 
current, Lief? is established. The zener diode bias makes the reference 
current fairly independent of the supply voltage. 

Transistors 6 and Q7 conduct the same current, namely I of? 


and Qi is forced to conduct the same amount of current. Thus 


and since 1, determines the frequency of oscillation of the CCO it 


follows that a choice of V gives rise to a certain value of I 
ref ref 

and a corresponding value of the output frequency. 

Suppose the frequency of oscillation increases by a small amount. 
The charge pump of the F-V converter will produce an average output 
voltage (at pin 3) which is greater than hes Consequently the 
comparator will switch and the output at pin 5 falls. Thus I of 
increases and so does I,- This leads to an increase in the magnitude 


of the gain K, Of the CCCS which is part of the CCO bY¥ock of Fig. 6.5. 


With the notation in Fig. 6.3(a) the current gain is given by 
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(b) Output voltage vs. frequency 
Fig. 6.4. Frequency to voltage conversion 
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Fig. 6.5. Example of frequency control 
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where 1, is a fixed bias current. Using (6.4) in (6.3) yields 


W 
oO 


yo = ———— (675) 
and this shows that the frequency of oscillation is related to the 
control current 1,- Thus w will decrease when I, increases and the 
feedback loop will restore the equilibrium of the circuit. 

A similar observation may be made for the case where the frequency 
of oscillation falls below the set value due to some drifts in certain 


circuit parameters. The comparator forces I, to decrease, and thus w 


2 


will increase until the converted voltage satisfies 


The feedback approach for controlling the frequency of oscillation 
is simple and yet very effective. The main requirement for accurate 
frequency control is that 1,/1, should be fairly stable. Improved 


circuits were designed to ensure this. 


6.5 Improved Circuits 

The main drawback of the circuit shown in Fig. 6.5 is that it 
is not thermally balanced. In the circuits to be described,a variable 
voltage source was used to set I ef to a desired value and the F-V 
converter was modified to produce an output current proportional to 


the input frequency. The two currents are compared using a differential 


circuit whose output is zero only when the currents are equal. 
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6.5.1 Simple Variable Reference Voltage 

Fig. 6.6 shows a simple method for obtaining a reference voltage 
which may be varied without affecting the thermal stability of the 
circuit. The zener diode dD. is biased using R, and has a constant 
voltage across it, namely Vo. The pnp-npn connection consisting of 
Q5 and Qi 8 serves as a temperature compensated buffer with a negligible 
loss of voltage level (or gain) between its input and output. Thus 
the voltage at the emitter of Qi is Ver? and a potentiometer Re is 


used to pass on a fraction of this voltage to the base of Qi9° The 


output voltage of the circuit is then given by 
V =7yV (Gu) 


where y is a voltage divider constant depending on the setting of Re: 


The temperature coefficient of ya i¢ fairly low as long as y # 1. 


ef 
6.5.2 Current Comparator 

The current comparator shown in Fig. 6.7 is based on Gilbert's 
current amplifier (Q,79,) connected fer single input operation. The 
current mirror consisting of Q.-Q, acts as an active load for the 
circuit and combines the outputs of Q3 and Q. into a single output at 
the collector of Q,- 

Suppose an input current, Ly applied to the base of Q, is 
within the range Tn < 21, and causes Q, to’ conduct a current I, = I,+AlI,. 


4 Zit tend 


Then Q, must conduct a current I, = I,-AI,. By the mirror action of 


Qe and Q, which conduct a current I, each, the output current becomes 


t= ly abe Zhe (6.6) 
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Fig. 6.7, Current comparator. 
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Thus I, is zero when Al, is zero. It may be assumed that the input 


current differs from the bias current, 1; by a small amount AI Then 


iT a 
I, may be written as 
in 


he Avent Al C67 ) 


From theory, Al, and 241, are linearly related, that is 241, a AI, 
where the constant of proportionality is the gain of the circuit. This 


implies that I_ = 0 when AI, = 0, meaning that the output is zero only 
fe) 


ir 


when the input current has no disturbance about the value I The 


1° 
circuit may therefore be used to compare the total de current at the 


base of Q, with a fixed reference current (I, in this case). 


i 
The symmetry of the circuit and the fact that the gain of the 


stage is determined by the ratio 1/1, make this comparator fairly 


insensitive to temperature change. 


6.5.3 F-I Converter with Current Comparator 
The F-V converter is connected as shown in Fig. 6.8 where the 
voltage V at pin 5 follows the voltage at pin 3. Transistor Qs 


converts this voltage to a current I given by 
V 
=) a 6.8 
co (6.8) 


and this current is available at the uncommitted collector (pin 8) 
of Qs: The output current of the converter is proportional to the 


input frequency as long as the maximum frequency limit is not exceeded. 


A current source circuit consisting of 6 - Qi9 uses the current, 


I, drawn from Q7 as a reference and generates the same currents in 


Qi and Qi9° The current through Qig establishes the input current 
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for the comparator whereas that through Qi9 determines the output 


current, I,. 


The current comparator consists of Qo6 - The reference 


R34: 


current, lef? may be set using a reference voltage, derived 


Ver? 
Prom ene; circuit of Fig 7o.0, 71in) Fig. 6.8, 


but a multiple-emitter transistor may be used in place of Q36 to make 


I, > I, if this is desired. The input current, I 


the base of Qo 75 and the output current, 


5? is applied to 


lo is available at the 


collector of Q34° In the current mirror consisting of Q59 - Q59 the 


emitter area for Qo4 is twice that for Qo9° Since the current through 


Qo4 is equal to I, then 


ai 
Seal (6.9) 


The current conducted by Q4, must be equal to that conducted by Q53> 


23 ~ 295 


which is related to the F-I converter output, I, and the current 


namely I. Thus the current mirror Q has an output current I 


2 


comparator output, Tio by 


pecme ye TL (6.10) 


where Ay is the current gain of the comparator, and using (6.9) we 
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obtain 


ane 
Lo ees) (6.11) 


It follows from (6.11) that I = 0 when I = 


10 I of? in which case the 


input frequency is converted to a current which is identical to the 
reference current. This property of the comparator is the basis 
for frequency control through feedback whereby the equilibrium condition, 


lho = 0, is always maintained. 


6.6 Complete Frequency Control Circuit 

A complete CCO with frequency stabilization was built as shown 
in Fig. 6.9. It operates in the same manner as the circuit shown in 
Fig. 6.5, the main difference being that a current comparator is used 
in the new circuit. This improvement makes it possible to vary the 
reference current, lef? without disturbing the stability of the control 
current, I,- The overall performance of the control loop is much 
better than that of the experimental version of the circuit described in 
Section 6.4. 

The action of the feedback loop and the differential nature of 
the current comparator maintain equality between the reference current 
and the output current of the F-I converter. From the previous 
discussions on the current comparator and the CCO, the control current 
will Pontinete ry be regulated so as to maintain a fairly stable output 
frequency. In normal operation it may be assumed that the feedback 
loop reduces the thermal drift of frequency to negligible levels. This, 
however, is only true if the feedback loop does not contribute any drift 


in the control current. In practice there must be some thermal drift 
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in the output frequency which results from thermal drifts of parameters 


in the control loop. 


6.6.1 Thermal Stability of Frequency 
The frequency of oscillation for the CCO with frequency stabilization 


is given by (6.3) where the current gain K, is defined in (6.4). Thus 


2 
(6.5) may be used to estimate the temperature coefficient, TC fora. 
It is assumed that the dominant contribution to TC comes from the loop 
components. 


Let v1+I,/1, be defined as F(K,), a function of the current gain. 


Then 


TC Circ al Sea (6,12) 
Ww w OT F(K,) oT - 
This simplifies to 
Pg peetetiate 1222) 1 2h, 
2(1+1,/1,) I, oT I, oT 


When the control loop is in equilibrium the output current of the 
comparator given by (6.11) is zero, and thus (6.10) reduces to I, =I. 


From Fig. 6.8 this current is I = V/R,- The current I, is derived from 


a zener reference and is of the form I, = V /R - Thus TC becomes 
ak Zz ref Ww 
qcerataieg paesviciane tar 01 48 'zhqui a5bry ak 
Ww mv ok Roo L Viera R oT ; 
2 Zz 12 
w#0, V#0 
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pia 
Pe 
K = (6.14) 
m 14+1,/1, 


The terms involving R, and R. in (6.13) cancel out assuming the resistors 


2 
are made of the same material. From the conversion curves of the F-V 


converter shown in Fig. 6.4, the voltage V is a linear function of 


frequency, and it may therefore be expressed as 


where k is the slope of a given conversion characteristic. It was also 


established that k is proportional to the capacitance C, shown in Fig. 


ih 
6.4. The temperature coefficient for V becomes 
Paes ote Waar aly 1), 1380 ns 
V oT kedt w oT Cc, oT Ww a : 
Using (6.14) and (6.15) in (6.13) yields 
T =-kK Ee ligt Biagh, ac 
W m oT Oil “Vo aL 
i 2 
and this simplifies to 
K aC aV 
a pa Abela he eS 
ieatly rian iG aT V_ oT ] Co) 
m a Zz 


The temperature coefficient for C, is about 300 ppm/°C and that for 


1 


the zener reference is 400 ppm/°C. Therefore 


is 
dN a 
TC = a [-100] ; (6.17) 
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and at the high-frequency end I,/1, = 1 and Ka = 1/4. The value of 
1,/1, at the middle of the tuning range is about 6 and the corresponding 


value for Ko $5°3/7.5 2rom. 06.17) 


TC = -0.32(-100) = 32 ppm/°C (lf end) 
TC = -0.30(-100) = 30 ppm/°C (mid freq.) 
TC i= -0.20(-100) = 20 ppm/°C (hf end) 


The temperature coefficient for the frequency of oscillation has an 
average value less than 30 ppm/°C, and it varies by only about 30% in 
the entire tuning range. The results show that excellent frequency 
stability is possible, and it is interesting to note that TC improves 


as the frequency rises. 


6.6.2 Tuning 

The results of Fig. 6.3(b) were obtained by varying the control 
current directly in the open es mode. The arrangement shown in 
Fig. 6.9 employs the 1M2917 F-V converter as a feedback element which 
makes it possible to compare indirectly the output frequency with a 
reference signal. It was found that when I, was varied in a closed 
loop mode using a variable reference, VieE? the frequency of oscillation 
was linearly related to the current gain 1,/1,- This result is shown 
in curve (b) of Fig. 6.10. The tuning range was almost the same as for 


the open loop mode, but linearity of the CCO was greatly improved by 


feedback. 


137 


tk ap 
att: nah ota. 3e 
iqentzon of7 bas é = ix @E agGmr griaus siz Yo stan a ies i? 
eA 
mt onlay 
“s 
_ 


te eulev onT 6.eUl = wt wb =) yt ve vonsup 


(V1.4) aw TAME on. ft 0 


> 
(ives 21) 2° \weq SE © (O0L-)SE.0- = 05. 
- tu ae 
; uhh } : - 
qq Of = (0Of-)0L.0— «or. 
; w == 


(ten 24) O° lay Of = (OOE-)OS.0- + ot 


Le 
y “e 
oS ta getomlliioec dw ¥s sk tlhe “2 Toi seatattisos siuteisqa) it 
— 
; . ha 
-Ot gunds vine td aetter sh bap-49? agg OF nde west auley age78¥ 


na 
wade tiluees aff, .ogaat atiava o3t tie 


», * 


mice! OF sats srvex 4g grkseatesed at 92 ban »eldiaaog ef atta iat 
| .ssett yooaupett odd 
cee. = - 
: achay is 
fl - = olve . al * ° v 06 * , A _ ) 
? r aL CC OFeL Cd #«{oW faye oe Bi 7 te esiusas ait : 
Mma if > denn soot Fe up ody mk xltowrkb eT STI 


- ee en 


sole déuodbav o &4 ye2rze0000 Gea VERS ods avolqas oss 8 
ivkw voroepet? syemiye ony okan rthet areeoD 97 ~aidhaaog - 54 ~ 
/ La 
lutea ls ai: tetrey pow et sorcy saat baivot aw af honale nae rata 


a 


Ijts *w, yotappe 


1 ade * key ¥ apnars Yay: sitestay # piee at ™ n qoe 
iz 7 


at sipase ekit piNs 2! vheg san roe ond 03 todas ea antl, #8 


aa - 


et “thn off Jools ees Ss Ings ié 7 
" a a dea 10 td). ini 


crete videtrg, sew O09 ott do eobeabut 3% cee qo Tas 
: ) 


138 


400 


= 1ko 
= 330 pF 
fo = 482 kHz 
300 
men 
NSS (b) closed loop 
O 

200 NS 


(a) open loop ———~ 


Frequency KHz ———~ 


100 


0 2 4 6 8 10 12 14 
Current Gain |K,|———> 


Fig. 6.10. Tuning curves for the CCO. 
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CHAPTER VII 
THE COMPLETE OSCILLATOR 

The complete circuit of the CCO with amplitude and frequency 
Stabilization was built using the circuits discussed in Chapters 
IV-VI. It also includes bias networks which are fairly stable. A 
number of additional functions have been built intothe oscillator making 
it suitable for many communication applications. These are frequency 
shift keying (FSK), amplitude modulation (AM), frequency modulation (FM), 
synchronous and triangle wave outputs. The overall performance of 


the final circuit was determined experimentally at 100 kHz. 


7.1 Bias Networks 
¥.i.. Biasing the Oscillating Circuit 
The most important bias point for the basic oscillator shown in 
Fig. 4.3 is the base of Q- This bias, denoted by Bias), should be 
the same as the dc voltage at the base of Q, which is mainly determined 


cc? the resistance R3 and the current conducted 


by the supply voltage, V 
by Q15° 

A simple circuit for biasing Q is shown in Fig. 7.1(a) in which 

= i ul 5 * ° 

R3 R35 R, Ry, and I, I. With this arrangement the base voltages 
of Q and Q, are equal for all practical values of the supply voltage. 
The cascode transistors (23 and Q,9) in Fig. 4.3 were biased very close 
to ground using three diodes (not shown) and a current source. 

The current sources and sinks in Fig. 4.3 were derived froma 
single zener reference as shown in Fig. 7.1(b). The zener diode, D> 


was biased by a current, I, which is independent of the supply voltage. 


This current was obtained from a JFET circuit similar to the networks 


ty Grn > eee 
| banks ++ ©9320, ener ~ rs eal 
ora stn i> erases set | 
ry poke - 
tt be shusiiqay “ew BOP any’ vo tal Foatka sssiqaog: ae 


J «at beeavoghh wtigegls ons ani ittud aaw ane : 
f GC Pw > oF 4 er ¥ - 
oe fstie aeewige entd aabufoat oaln 3° I V¥+VE 
- _ 7 
, ' rf an ts a besi Pe oer f “net Baolss + ‘fe E ih 
| wee baat sony Lanotathee: Yo 194 ue 
a 
7h Geel ag) spol ieee ol yaar ws ean for sidaa 7 oT 


= 


* > _ i ; 7 
Sau (aepot. 4) sobsalobow <bubblem en sareed td 


“Sig 00 OVE" olecelys bose euondedane 
a 7 i i" 


Lin eal is ihe paiaeceyreleb vow tiusuts lark \ 


~ ii pe 7 
ba Le 


4 


= | 


a ; etiowssi wate’ 


: - Sy 
Ans 
Se S2yoits s aul L400. ods gikeas@ | tee 
« ) > a ) “~ ° io 
wig 203 Ineo slebd 4d vo? inteod anid sresroqmt = odT 


i blueds . seit gf tetvcod .2abd) eld®.. p io saad ody at ba ie 


- 
> 


* of to saad srfy as epation ob oi o — 
= s ; ; 
S3U5noS Inet S43 bin 


foidw mf (s)i.% .oF7 af seeds of ? @oulaatd vo} 3h woate ale 


‘agnifov sted sd? yosmegeetye ahds a0 ib «tt Sn 
* 
fe gt 
Sa87lOv ~ teow a7 Yo 7 


cig io eeulav inskignng {le sot i ng 


vols. yrev tdeld ote £4 «pit ni fo)? bie. iP sete 
a> Iuvo2 1ewrtuy 5 tne (owodla, san) mi - oor mes a ines 


4 @ov? beytaet ory C.A ,git ob alate is 


fa intl b ca baal Ryn ata aE neve la an 90 


b wdhau0! me 


7 =o 


= : 


oo ie 26 | Fe _ ape . 2 dae 2 4 9TIUu5 a W 
: ; - peal ; - : 


q ; ’ = , Tv 
_ ; ‘ 1 lees » FIL. 


ss 


140 


G) @W Ra} | 
21, CT R 


Ry 
Rit TS 
Qs, Q, Lf 


y2l, |ly2lo dyla 
Qyo ee 
eines 
7 FP l 2! 2\ 
1 3 5 
ay ES SY 
© 
Dae To Fig. 7.2 
Howey tll Fea ll 


elie haf fea be 


(b) 
Bias circuits for the oscillating network 


used by Apfel et al [59]and Cave [77] in which the gate is connected 


to one of the supply lines. 


7.1.2 Biasing the Regulating Circuit 
The main requirement for accurate amplitude control is good thermal 


stability of the control current flowing through R, in Fig. 5.6. Also 


a 
the regulating circuit must be power supply independent. These conditions 
were met by making Bias, track the base voltage of Qe The arrangement 
for achieving this is shown in Fig. 7.2 where Ry = R, and 1, = I,. 
7.1.3 Biasing the Operational Amplifier 

The bandwidth of the operational amplifier shown in Fig. 4.10 is 
sensitive to changes in the bias current of the level shifting network. 
It was shown in Chapter IV that the pole-zero pattern of the network 
depends on the bias current of the level shifting stage. 

There are three main contributions to changes in the pole-zero 


pattern of the amplifier. These are power supply changes, V a ra eb ieee 


b 


of the three transistors in each branch of the level shifting stage, 


and thermal drift of R and R,- 


The circuit for biasing the operational amplifier is shown in 


Fig. 7.3 where two zener diodes, D and Dio provide positive and 


rz 
negative reference voltages. Let Bias, be a constant voltage Vi: Then 
Vig WOE, (7.19) 
The base voltage of Q, in Fig. 4.10 is given by 
Vee Vm LR (72) 
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Fig. 7.2. Bias circuit for the regulator 
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Fig. 7.3. Bias circuit for the op amp. 
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and the same applies for Q,- Thus 


iGEM ares 9 i i (7.3) 


Bias, holds the base voltages of Q; and & close to ground, and Bias 


2 4 


provides a constant voltage of ae to the negative supply line for 


the level shifting and output stages. Thus the bias current I' is 


given by 
ee og ' 
I (V + ve 3V,,)/R (7.4) 
where R' = R, + Rye and (7.3) may be used to simplify (7.4) to 
he ade ’ 
I (2V_, 1,R,)/R (7259 


This result shows that I' is independent of the supply voltage and 


fairly insensitive to thermal drifts in Vie" 


The current I, which is generated from the bias circuit shown 


incFie. #.3 is,ofsthe,form 


I, a Notas (7.6) 


3 f 


The proportionality constant in(7.6) does not affect the temperature 
coefficient of I, and equality may be used for simplicity. Thus I' 


becomes 
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and the total voltage across the resistances in the level shifting 


stage is 
Ve rah ee VQ = hao. 


This voltage has a temperature coefficient given by 


av 
Zz 


and this is a fairly good stability. 


7.1.4 Biasing the Rectifier 
The high frequency rectifier shown in Fig. 5.9 has six bias 


points. The first three of these, Bias, - Bias., are derived from 


i 
Dai in Fig. 7.3 and they are available at terminals J, K and L in 
Fig. 7.4. Each of these bias points is at a constant voltage equal to 
ae and they eliminate the dependence of the operation of the rectifier 
circuit on the supply voltage. Bias, and Bias, are obtained in a 
similar way and they provide proper Placing for the input and output 
stages, respectively. 

The current sinks for the receifier circuit are obtained from the 


same reference current used in Fig. 7.3 by connecting the bases of 


Q39 - Q39 to terminal F as shown in Fig. 7.4. 


7.2 Additional Functions 
Low cost IC oscillators with a stable output frequency are used 
in digital design applications and audio testing. Many applications 


in communication and signal processing require additional features which 
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have been included in the final circuit of the oscillator. 


7.2.1 Amplitude Modulation 

In integrated circuit oscillators a four-quadrant transconductance 
multiplier is usually included on the chip to provide amplitude 
modulation. The output of the multiplier is a differential current which 
may be converted to a single output voltage as shown in Fig. 7.5. The 
circuit operates as a modulator when the carrier signal, v(t); is 


relatively large compared to V,, and the modulating signal, vit) » is 


relatively small compared to Vp = 26 mV Lat 300°C. 


a 


10a pa pe Et gi is Q - Qe form the basic four-quadrant analog multiplier 
cell which has a hyperbolic tangent transfer function ‘ay which has 
to be compensated for. This is achieved by introducing a stage Q, se Q10 
which predistorts the input signal applied to Q, - Qe: The output of 
the modulator is then directly proportional to the product of the carrier 
and modulating signals. 

Assume that the hf large signal, v(t); causes alternate multi- 
plication of the output of the circuit produced by the small signal 
input by +l and -l. Then it is a unity amplitude square wave of the 


form 
v(t) = D A cosnw t (710) 


where Ww. is the carrier frequency and the Fourier coefficients, A 
are given by 
sin n1/2 


be care a cue (7.11) 
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Fig. 7.5. Balanced modulator 
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The modulating 1f small signal is of the form 


vn tt) = Vncos wit (fede) 


where Bs is the amplitude and we is the frequency of the signal. The 


output voltage v, (t) may be expressed as 


Nie 


v(t) = K yh AV [cos(nw tw )t + cos(nw -w )t] Cie43 } 


nm 
where K is the circuit gain from the modulating input to the output. 
Thus v(t) is a spectrum with components located at w, above and below 
each of the harmonics of Woe Complete recovery of vn ft) from the 
modulated output by filtering out v(t) is possible since the components 
at W OF its harmonics are absent. 

Addition of a de component to the modulating signal yields 
components of the output at carrier frequency and its harmonics. Similar 


effects result from offsets and this is undesirable in most applications. 


7.2.2 Synchronous Output 

The low level square wave from the input stage of Fig. 5.9 was 
amplified using the circuit shown in Fig. 7.6. In this amplifier QQ - Q, 
convert the input voltage into a differential current which is then 
converted to a single-ended output current by the current mirror Q. - Qe: 
This output is available at the collector of Q The amplified 
synchronous output is taken from the collector of Q, and R, is chosen 


to give the desired amplitude. 
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7.2.3 FSK Generation 

Frequency-shift keying (FSK) may be achieved by applying a step 
voltage to the Vere terminal of the CCO shown in Fig. 6.9. In this 
arrangement the output frequency will change from LOW to HIGH when the 
step input voltage is switched from LOW to HIGH. The main problem with 
this kind of FSK is that the actual frequencies for the two modes of 
operation are dependent on the size of the input step. 

A convenient circuit for FSK generation was designed as shown in 
Pies 22. ee kDothis eaLcurt Wee is not dependent on the size of the 


keying input, V When the keying input is LOW (Vy. < 0V) Q, is off and 


k 


Q, is on. Thus D and Q, are on, and the voltages V, and V 
3 4 


eas, 1 2 


are given by 


Wee = (Vee <8 2V (7.14) 


Veen anv CTs) 


where Vy and Vu are voltage levels which are determined by the potential 


divider formed by R,, R, and R,. The output of the circuit is 


tae 4 3 


When the keying input is HIGH S's > TWD Q, is on and Q3> D, and Q. 


uf 


are off. In this case vy > V5 and this implies that Q, is on and Qe 


1SmOL: ee chiSey becomes 
ref 


Vv =vV VE ee C7517) 


The reference voltage has a transition Vu - Vi when a step input is 


om _ ; or " 7A - sat cialis — 
Ae a .: ff & se) 
adie 

qase = grifvigqe Ci tbagekise od van (82%) grtve ademas neu ups ) 


aia’ «i a: sgh at ott 00. ‘ad tc {zs a er bo ke oe gett a 
ait voce BE of Bod oz sors iiiw: Yoraupat? saqiue a3 oo 
fitiw swiderg aler af? .s018 of Wd west badosiwe at ogsilov 20qnt 2 gee 


o aabon o« ds yw shinneel fauwtas of¢ jade ak xa by to Sata abel 


’ : 


28 teaget od? ip seta ots - paren $35 ‘no}set2 - 


ane aodlavegw. Met <8 arn tau tesymon A’ 
t> sple ofé ce Tiphreceh Ser a2 tes” ttuntts stds at tt «at 
& of (te 2 RE ‘al SUG, SAGE |S ona ante “ey? or * 

siley.ors Ags ,ap gte.,0 bee a og “49 audit eo at 


y ao WE eta 


i 


tweet = mlz , ts fe igz re 4 Lawak ognsfov. Ss7a. ath nae 
on A ‘ive H ve # es wen biel 


. 
- 
ws 

we 

‘ 
4 
+ 
oC 
. 


a) 
: 
1 
s 
3 
= 
a 
ss 
- o 
ar, 
ese 
a 
aa 
a 
a 


a) tne on oF <& jest? anktened ‘she wig MEE 


149 


From 
Rectifier 


Fig. 7.7. Circuit for FSK generation 
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applied at the base of Q)> and the size of this transition could be 
adjusted using a variable resistance, R,- 

The FSK input may be left open or grounded. Then Vag = vie The 
importance of this observation is that when the FSK input is not being 


used the base of Q, becomes the frequency control input which may be 


used as an FM or frequency sweep input. 


7.2.4 Frequency Sweep and Modulation 
It is possible to sweep the frequency of oscillation by applying 
a ramp voltage at the base of Q, in Fig. 7.7 with the voltage divider 


disconnected from Qa In this case Ve follows the input voltage and 


ef 


the frequency of oscillation varies as shown in Fig. 6.10 curve (b) which 


may be described by 
f =f, - nJK,| (7.18) 


where f, is the intercept on the frequency axis and -m is a negative 


4s 

constant. From theory and with reference to Fig. 6.9, K, is the ratio 
i f : 
of I, to I}> I, follows lef and I, is generated from a zener reference 
Thus 
V..-V Vv 
CC be 
LS be tee pete “ns (7.19) 
ref ref2 

where R ef? is the resistance used to generate I, from the zener 


reference. Combining (7.18) and (7.19) and differentiating with respect 


to veer gives 
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and this is the voltage to frequency sweep gain. 
For small deviations about a certain frequency the modulating 
signal is applied to the base of Q, in Fig. 7.7 without disconnecting 
the biasing voltage divider R, - R,- A coupling capacitor is connected 


between the small signal source and the base of Qy> and this arrangement 


allows modulations of up to about +10%. 


7.2.5 Triangle Wave Generation 

A simplified circuit for generating a triangle waveform is shown 
in Fig. 7.8. A square wave V5 is applied to the inputs of the differential 
pair Q - Q, whose collector loads are constant current sources. The 
amplitude of we is relatively large compared to Ve for the transistors. 
Thus QQ) and Q, are alternatively turned on and off, and the capacitor 
C is alternatively charged or discharged by a constant current, I. 
With proper limiting, the outputs vy and Vo at the collectors of Q and 
Q,> respectively, are linear ramps with a slope equal to -I/C and a 


displacement of half a period. 


Shan  ieloale 


A triangle wave is obtained from the difference va 2 


subtraction is performed by the differential amplifier in the output 
stage of the circuit. The symmetry of the output signal may be adjusted 
by replacing one of the currents, I, with a variable source. Also the 
amplitude of the triangle wave may be controlled by the ratio R,/R, of 


the feedback resistors. 


7.3 Complete Circuit 

The block diagram for the complete oscillator circuit with 
frequency and amplitude regulation is shown in Fig. 7.9. It is a 
combination of Fig. 3.2 and Fig. 6-1 with a few additions. 


Four circuit blocks form an amplitude regulated sinusoidal oscillator. 
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Fig. 7.8. Triangle wave generator 
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These are the oscillating network of Fig. 4.3, the output amplifier 
shown in Fig. 4.10, the high frequency rectifier of Fig. 5.9, and the 
wresutating circuit of Fie... 5.6. 

The frequency control loop consists of the first two blocks of 
the amplitude control loop plus the frequency divider (Fig. 6.5), the 
F-I converter (Fig. 6.8) and the CCCS (Fig. 6.3). This arrangement 
allows tuning the oscillator without disturbing the frequency stability. 

A simplified schematic of the complete circuit is shown in Fig. 
7.10. The CCCS block (Q, - Q,) is connected to appropriate points of 


the modified Wien-bridge circuit (Q, ) only when the configuration 


ois 
with both frequency and amplitude control is desired. For a fixed 
frequency oscillator (without frequency regulation) one tuning capacitor 
is connected between terminals 21 and 22, and the second one is connected 
to terminal 22 and the positive supply line. The sinusoidal signal 
taken from the collector of Q16 is passed on to a buffer stage (Q59 = Q59) 
which provides level shifting. The dc level of the output is adjusted 
using a potentiometer tied from terminal 20 to Voc: 
The operational amplifier is connected for a voltage gain of about 
10. It needs a total capacitance of phot 30 pF and it may be fabricated 
on the IC chip together with other components. The characteristics of 
this amplifier are summarized in Section 7.4. 
The operation of the high-frequency rectifier was discussed in 
Chapter V. The low-level square wave available from the buffer stage 
(Q54 - Q55) is distributed to the analog multiplier, the triangle wave 
generator and the synchronous output amplifier. The rectified signal 
may be observed on terminal 15 and its symmetry adjusted using a potentio- 


meter across terminals 16 and 17. This minimizes ac to dc conversion 


errors. The output level of the rectifier may be adjusted using a 
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potentiometer connected across terminals 13 and 14 thereby controlling 
the amplitude of oscillation. 
The de output from the rectifier is applied to the control input 


of the regulator block (Qi9 ). When the rectifier output falls 


~ 6 
(amplitude of oscillation increasing) the collector voltage of Q6 rises, 
and vice versa. A control current flows through Ry in such a direction 
that the change in amplitude is opposed. 

Additional features of the complete oscillator are FSK input 
(terminal 2), FM input (terminal 3), triangle wave output (terminal 5), 
synchronous square wave (terminal 6), carrier input (terminal 8), AM 
input (terminal 9) and the modulated output (terminal 10). The 
cynchronous square wave may be used as a carrier input signal. 

A possible dual in line package (DIP) for the integrated oscillator 
is shown in Fig. 7.11 in which the pin numbers correspond to numerical 
labels appearing in Fig. 7.10. The F-I converter and the frequency 
divider are assumed to be external to the proposed integrated oscillator. 
There are 24 pins in all, but it is possible to reduce the number of 
pins by compromising between flexibility and cost. Some versions of 


the circuit may be fabricated with more internal connections and fewer 


external pins. 


7.4 Overall Performance 

-A summary of the electrical characteristics of the oscillator is 
given in Table 7.1 from which it is evident that the parameters of the 
final circuit are comparable with or superior to general purpose 
monolithic RC oscillators. It is anticipated that the final circuit 


in integrated form will have better characteristics than those measured 


7 i re pe ij 
o ef iy : 
Fe ir 7 _ 


gatiinvines vdevede afcbow Cf wieeiewes avot3n bosses 2 naat'sn09 tog 
tie? nittsse we pec : 


192 22 miitese: aly mont 3q3H10 ‘Dh on = 


tei iss9r 487 we, 0p - 7 ) ae old vezatuges 9f9. 40. 


7 


wotov woelion odt Kgeieeersnt robselsks to to sheath 


soul e hhare-ad T dgcem® ego deasews Leteace A LL aetee eee bre 
i - = , : 
a 


ieeogyo #1 stwstiqna mt agweds etd gael 
4 } 


{ 12% orm verelicnen aigiqeedd' ea7 ta esvsae% fanota2hba » 


> | 
é 
. 
é 
od 
re 


{2 Leobores) Augean MY ,(f tnotewss 


oe 


at ae. 2 oat tal tiem. 46 — 2taw S78u pa svortont rv 
‘4 Hie uJ Jv Me heda Eyacer ef) bre €e Labtecenh: suege 
peut pia7 1 34 joey ah Toe _ evaw FAUps euonO TY 

rt 02 (407) sgedadgienél a2 Taub oEategOR A 


~ zx 


1 os 122 BON ‘imme Gn wi? sabe mt L260 atk vote 


tu 7 on i-t ea? | ats. ort ne. sarge ida 


pyeas aay ore a LeanIeIg aff es tonrese. ad Ce ema om aabtve , 
: ers ip 

: voer of efd? ony ot $i tug Le. ab ankg fia wis x0 

ti ay ene »2&n> Tar vapveai sees newatbd atstwosgnes 4 “vas 

aH a 


wif 


7 th sacs) oreec i kdbel aioe isiv Sstesiided ss vos 


2 * a = - q wa 
7 | i “oa oN 
: = if . _ as 
e~ = 


et voraltionc att Je sotteSseqsemedb totrata att 20) 
432 2o ereveneisg ada gsarty tnehive wk at ares 7 ea eT nbs 


iF - sie ee 

waoqgte, [eve oF . tlw ettesaent: 
ry a a ; bans sat mn afd at. a0 24 ; 
4testte + ada er sak of .evedalitoes 29 at 
tuoko ul — ot. -wrotaiitoes 08 at 


7 


7? 


ray saa . _ 339 


7 —_ iw OO 


COMP.IN | | miECCGS. IN 
23 
FSK IN | | MIECCGS OUT 
22 
FM/SWEEP |_| 
RC 
TUNING 
BIAS(V.) [| 
20 
TRIANGLE [ | MaDC ADJUST. 
19 
SYNC. OUT | | | | SINE OUT 
18 
+Vec —Vec 
cc 17 
CARRIER |_| T 
i OFFSET 
‘ 16f NULL 
MOD.IN |_| = 
LL 
- 15 
MOD.OUT |_| TEST OUT 
14 
FILTER CAP | | 
AMPLITUDE 
13[ ADJUST 


GROUND | | 


Fig. 7.11. Possible oscillator DIP 
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from a breadboarded circuit. 

The oscillator has an upper frequency limit above 1 MHz with a 
frequency error of about 3% measured at 1.2 MHz (see Fig. 4.4). Frequency 
and amplitude stability measurements were limited to temperatures 
between O°C and 40°C since some of the materials used to build the circuit 
would not allow operation outside this range. The room temperature 
(20°C) was taken as a reference. 


The positive and negative supplies (V.. and Voc) should be at 


CC 
least 7.5 volts in magnitude for proper operation. This ensures that 


the zener references are fully biased. 


Tis. Possible Applications 
The oscillator under discussion is suitable for applications in 
voice telecommunication. The total harmonic distortion of the sine 
waveform is lower than 0.1% in the audio frequency range, and this 
qualifies the oscillator for the production of audio-grade signals. 
It may therefore be used in the testing of high quality audio circuits. 
Another possible use is in digital communications. This application 
requires an oscillator with a capability for shifting the frequency 
between two or more levels. In data-interface or acoustical coupler 
type modem systems, a four-level Full Duplex FSK capability is desirable 
since these systems normally transmit and receive data. It is possible 
to modify the designed circuit for a four-level FSK operation. 

_A CCO with good frequency stability and a linear dependence of 
frequency on the control current is an essential component of a phase- 
locked loop (PPL) system. The oscillator designed in this project 
meets the requirements for PLL design where a square wave output is often 


used. 
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TABLE 7.1 


ELECTRICAL CHARACTERISTICS 


CHARACTERISTICS UNITS CONDITIONS 


Operational Amplifier: 
Bandwidth 
Slew rate 
Output impedance 


Unity gain 
Noninverting mode 


f=100 KHz 
Vcc from +8 to +15V 
0°c - 40°C 


Frequency stability: 
Power supply 
Temperature 


Oscillator section: 


Max. frequency 
Min. frequency 


Ered = CFrOTy <34 
C<0.003uF 


Sine wave output: 
Maximum swing 
Distortion (THD) 
Amplitude stability: 

Power supply 

Temperature 

Frequency 


f=100 KHz 
£=100 KHz 


£=100 KHz 
f=100 KHz 
Range ~ 1 octave 


Triangle wave output: 
Peak swing 
Linearity 


f=100 KHz 
10% to 90% of swing 


wave output: 
Peak swing 

Rise time 

Fall time 

Duty cycle 


FSK input level 


Frequency sweep: 
Range 
Linearity 


Amplitude Modulation: 
Range 

Input impedance 

Linearity 

Carrier suppression 


To 100% modulation 
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There are a number of applications which need a low-cost 
general purpose oscillator. These may range. from laboratory applications 
which require a function generator to digital design projects which 
need a low-cost timer, 

The main applications and performance characteristics are 
summarized in Tables 7.2 and 7.3, respectively. A comparison is made 
between the oscillator under discussion and a commercial IC function 
generator by Exar, the XR-2206. It is evident from the tables that 
the new oscillator has a number of superior characteristics over the 


Exar chip. 


fi Pave J aato ts 232 


i soar ve east oer 
ORL OF S03e0eces en Lava # axtuper fail 


Lane 


Pg 
ia . 


26 


otseoticgs: nige att 


$.1 saldet nx ras 


J 
w tarnliiss % ots neswied 


a a 
Pr 
tsdoya 4 ave. wei ’ 


_ 
§ _ | 
verre tadoewnt ¢ Sawa 7 
ee —<toti 
heal 

a; 


| 


1Ex8 “a. sptese 


aa ¥ 
- 
an 


162 


TABLE 7.2 


COMPARISON OF APPLICATIONS 


Application New 


Gscilletor 
ee 
[topics woeteton vee 
ee 

aoe 


Linear Sweep Oscillator 


(> 1000:1) 


Variable Duty Cycle 
FSK Modems Yes 


Phase-Locked Loop 


Design 


Simultaneous Sine/ 


Square/Triangle Outputs 


High Frequency Operation 
(> 1 MHz) 

High Quality Audio 
Applications 

(THD <,0.17%) 
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COMPARISON OF CHARACTERISTICS 


Electrical Characteristics New XR-2206 
Oscillator 


Sine wave distortion 


Output impedance (ohms) ah 
Sine output 


Duty cycle 502% 1 = 997 


Amplitude stability Better 
ppm/°C than -1000]| -4800 


Frequency stability 
ppm/ °C 


Frequency stability 
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CHAPTER VIII 
SUMMARY AND CONCLUSIONS 

The advent of integrated circuits has revolutionized the 
entire electronics industry with enormous reduction in the size of the 
circuits, incredible improvements of system reliability and design 
flexibility, and a subsequent drop in the cost of electronic devices. 
There has been a corresponding change in the design process in the 
past decade with more emphasis on circuit blocks rather than on 
individual electronic components. 

Oscillators are very important in a number of applications. 
Unfortunately the best oscillators use inductances which, with the 
present technology, cannot be realized in integrated form for the 
frequencies under consideration in this project. RC oscillators are 
attractive for microelectronic circuits since they can be completely 
integrated. 

There are a number of problems associated with integrated 
oscillators which have made it extremely difficult to fabricate high 
frequency oscillators with acceptable performance characteristics. 

This project has demonstrated that the frequency performance of integrated 
oscillators depends almost entirely on the bandwidth of the amplifier 
which maintains the oscillations. Conventional voltage OP AMPs have 

been avoided as they have poor frequency performance in terms of band- 
width and slew rate. Amplitude stability much better than in most 
commercial integrated oscillators has been achieved using a new AGC 
circuit. Excellent frequency stability has resulted from a control 

scheme which automatically compensates for thermal drifts of the tuning 
components. Thus the complete project tackles the three major problems 


of integrated oscillators and it is evident from the results that 
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there has been a breakthrough in a number of areas. 


= fel Important Features of the Oscillator 

The object of this project was to realize a practical RC oscillator 
capable of operating at frequencies above 1 MHz. The design was aimed 
at obtaining a sinusoidal output with THD in the region of 0.1%. Most 
integrated oscillators are designed using relaxation circuits based on 
multi-vibrators which may easily meet the high frequency requirement. 
These oscillators, however, do produce the sine wave indirectly through 
the use of shaping circuits. As a result, the distortion level in the 
output signal may be 1% or higher. 

To achieve lower distortion in the sinusoidal output,a more 
complicated design approach was used. This involved the generation 
of a sine wave directly from a harmonic oscillator which is the best 
source of a low distortion signal. The first task in this design was 
to build amplifiers with bandwidths and slew rates much higher than 
those for typical operational amplifiers. 

A current amplifier based on Gilbert's current gain cell was 
designed as shown in Fig. 4.2, and it was used to generate sinusoidal 
oscillations in a Wien-type oscillator of Fig. 4.3. This amplifier 
has an open loop gain which is completely determined by the ratio of 
bias currents and a closed loop gain which is determined by the ratio 
of two resistances. Thus the device parameters do not have a significant 
influence on the operation of the oscillator. 

An operational amplifier with high input impedance and low output 
impedance was designed to provide enough gain and power for driving 
practical loads. The OP AMP (Fig. 4.10) is essentially a transconductance 


amplifier with a low output impedance driving stage. It was found that 
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the amplification of current in the intermediate and output stages 
coupled with the use of an all npn circuit made it possible to design 
an amplifier with a unity gain bandwidth of 15 MHz and a slew rate of 
12 V/usec. 

The efficiency of the amplitude regulation scheme was mainly 
due to two factors. Firstly, a high frequency rectifier provided accurate 
ac to dc conversion in a wide frequency range. Secondly, the regulation 
of amplitude using the current divider principle was fast and reliable. 
It was possible to regulate the amplitude without disturbing the 
oscillation condition given by (2.4). 

Many amplitude control methods only prevent the amplitude from 
exceeding a certain limit, but they fail to guard against the possible 
loss of amplitude such as that resulting from an increase in the frequency 
of oscillation. The AGC circuit which has been designed works in both 
directions about a given equilibrium and the above problem does not 
arise. As a result, excellent amplitude stability and low distortion 
have been achieved. 

The frequency was stabilized by a feedback loop which uses a 
frequency to current converter as ete ontrdl element and a thermally 
balanced current comparator. The effectiveness of this method was 
enhanced by using circuits in which the active parameters are determined 


by ratios of tracking components. 


8.2 Achievements 

It was noted that sinusoidal RC oscillators of the harmonic type 
are the best sources for low distortion outputs and yet their upper 
frequency limit is much lower than what most applications would require. 


One of the biggest achievements of this project was the extension of 
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the operating frequency range by about one order of magnitude; from 
the maximum frequency of 100 KHz for typical oscillators using 
conventional OP AMPs to 1.2 MHz for the designed oscillator. This 
remarkable result was brought about by the use of fast wideband amplifiers 
in the realization of the oscillator. It is felt that future mpeegemente 
in the frequency performance of oscillators will be possible through 
the design of faster amplifiers, a subject which is gaining considerable 
attention in modern analog circuit design. 

High frequency operation has to be reinforced by a good frequency 
stabilization circuit, otherwise the oscillator becomes useful for only 
a limited number of applications. This project has produced a simple 
frequency regulation scheme which gives rise to stabilities comparable 
to those obtained from more complex frequency control systems. The 
temperature coefficient of frequency was found to be as low as 100 pon ce 
for the regulated oscillator as compared to -2000 ppm/°C for an unregulated 
integrated oscillator with diffused components. This reduction in the 
frequency drift of the oscillator by a factor greater than 10 using a 
simple small scale circuit is a great achievement. It is important to 
have a single chip RC oscillator with an on-board frequency regulation 
since this implies lower design costs. 

The measured amplitude drift was better than -1000 ppm/°C and 
this was a big improvement over the figures listed for some commercial 
integrated oscillators. The amplitude was very insensitive to power 
supply changes since the biasing networks were designed with this fact 
in mind. Also, changes in frequency did not have much effect on amplitude 
because the operation of the rectifier was independent of the frequency 
of oscillation. 


Another main achievement was the conversion of a fixed frequency 
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oscillator into a variable frequency one without much alteration or 
addition to the original circuit. It was possible to tune the oscillator 
in a frequency range of 2.3 with an external analog input, and this 
was the basis for the frequency stabilization scheme which has already 
been described. Also, this capability of tuning the oscillator using 
a control input has resulted in other convenient features which include 
FSK and FM. The application of feedback has given rise to a very linear 
tuning characteristic which is desirable for most applications. 

Lastly, the THD for the sine wave output is much lower than what 
was anticipated in this project. This was found to be 0.1% at 100 Kuz. 
The oscillator gives excellent performance in the audio range where the 


THD is less than 0.1%, and thus it is suitable for hi-fi audio applications. 


8.3 Comparison of Oscillators 

It has been pointed out in the previous sections that most 
commercial integrated oscillators are relaxation in type. This trend 
is mainly due to a number of attractive features that these oscillators 


have, and these include: 


5 es circuits are simple and easy to fabricate; 
De they have large frequency sweep; 

3 frequency is determined by fewer components; 
4. they have a variable duty cycle. 


These oscillators, however, have a number of weaknesses which degrade 
some of their specifications, and these are: 

te the sine wave is not generated directly; 

Ls the THD is fairly large; 

oe amplitude stability is poor; 


4. external trimming of the output is needed. 
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It is clear from the above listing that relaxation oscillators are 
only adequate in those applications which do not require pure sinusoidal 
signals. 
The work of this project has overcome several weaknesses of 
harmonic RC oscillators. The good qualities of the oscillator which has 


been designed are: 


1 ge high frequency operation above 1 MHz; 

Zs low distortion sine wave; 

5% excellent amplitude stability; 

a simultaneous square,triangle and sine waves; 

a complete integration of the circuit is possible; 

oe frequency stability comparable to commercial IC oscillators. 


Ways of improving the frequency sweep and tuning range, which was 
limited to a maximum value of 2.3, is an important subject for future 
Study. Another observation is that the new oscillator has a much 
greater active component count than a comparable relaxation oscillator 
with similar capabilities. This, however, is not a limitation in 
integrated circuits since active components may easily be fabricated 


at a reasonable cost. 


8.4 Future Considerations 

One of the most important subjects for future study is the 
relation of the tuning range to other parameters of the oscillator. 
With this kind of study, it may be possible to come up with answers 
which may help in determining harmonic oscillator configurations which 
may be suitable for wider tuning ranges. As far as we know, very little 
has been done in this area. 


The frequency-to-current converter which was used in this project 
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is the LM 2917 whose maximum frequency limit is about 100 kHz for 
applications which need high conversion accuracy. It was therefore 
necessary to use a frequency divider to accommodate the entire frequency 
range of the oscillator. There is a great need for designing a wide 
band converter which is capable of operating in a frequency range up to 
1 MHz or better since this would eliminate the number of support ICs 
which were used in the frequency control loop. 

The bandwidth of the rectifier circuit used in the AGC loop was 
satisfactory. In the application of this project, only a dc voltage 
proportional to the amplitude of oscillation was required. It would 
be convenient, however, to convert the rectifier into a true rms detector 
so that it maybe used to drive panel meters in instrumentation without 
further calibration. This refinement will not affect the operation of 
the AGC loop since the rms output is also proportional to the amplitude. 
The design of a true rms circuit is being considered, and alternative 
designs for AGC circuits have been suggested by Filanovsky [78]. 

Lastly, the complete oscillator circuit will be fabricated in 
integrated form and tested. No problem is anticipated since the circuits 
have been designed with this final step in mind. Since the tuning range 
for the oscillator is quite limited, the tuning capacitors will not be 
included on the chip and their values will have to be chosen to suit 
a given application. A 24 pin DIP for the new oscillator has been 
suggested in Chapter VII, and it is possible to build smaller versions 
of the oscillator for applications which might not need some of the 


functions available in the complete oscillator circuit. 


8.5 Concluding Remarks 
An RC sinusoidal oscillator with a high frequency limit above 1 MHz 


has been designed. It meets all requirements for integrated circuit 
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design and yet it has a frequency performance quite unmatched by many 
works found in the literature. The limitation to low frequency operation 
for RCoscillators using conventional OP AMPs has been overcome by 
building the oscillator with fast current amplifiers whose bandwidths 
are much greater than 1 MHz. Differential circuits with thermally 
balanced stages have been utilized throughout the design, and this has 
helped in reducing the temperature sensitivity problems typical of 
active RC circuits to very minimal levels. 

The new AGC technique based on a current divider principle was 
found to be very effective. The model of the amplitude control circuit 
and the mathematical analysis of the AGC loop have led to the discovery 
that the oscillator responds to a control input as though it were an 
integrator. This result was important in that it enabled us to 
determine the stability requirements of the amplitude control loop. 

The new oscillator met all the goals set in this project and its 
performance is better than most oscillators reported in the literature. 
The final circuit was breadboarded and therefore some of the measured 
characteristics have been degraded by stray capacitance effects. It 
is hoped that the integrated version of the circuit will have excellent 
performance. 

This project has demonstrated that it is possible to design a 
high performance RC oscillator using simple circuits. It was shown that 
the upper frequency limit of integrated oscillators may be extended by 
more than an order of magnitude by using new circuit configurations and 
device models. This approach has opened a new direction for future 
study, and it is hoped that the characteristics of integrated oscillators 


will be greatly improved. 
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APPENDIX A 


ACTIVE FILTER CLASSIFICATION 


In order to gain insight into the performance of active filters 
and be able to do a systematic study of the known filter circuits to 
date or generate new ones, a convenient classification of these 
networks is essential. The dependence of the active RC filter poles 
upon the filter topology and components may be studied using the root 
locus analysis. 


The most popular basis for classifying active RC filters is the 
decomposition of the characteristic polynomial A(s) of a filter [38 
ch. 7], [40]. With this approach it is possible to relate the gain 
and sensitivity properties to the type of the decomposition, and the 
optimum gain and sensitivity values for a given filter network may 
easily be determined by finding the classification to which the network 
belongs. 


Several approaches to realizing transfer functions by means of 
active RC filters have been proposed [41] - [45], and in each design 
the requirements on gains of amplifiers and the filter sensitivities 
with respect to passive and active parameters are of great practical 
importance. The sensitivities, for instance, determine the maximum 
selectivity of a filter, and the gains roughly determine the frequency 
range in which the filter may be used. 


Active filters are usually realized as a cascade of filter 
sections with second-order transfer functions. These may be represented 
by a second-order canonical flow graph shown in Fig. A.1 which has a 
transfer function given by Mason's gain equation as 


a N(s) 
H(s) = Tho + ay 


where, with s denoting the complex frequency, 


NCs)p Ko oS Clk bre) ad ak ) 


1°13 42 (1-K,T 
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and 


i Re Ke ek ye 


Sh duebiad V2) epee a rest as: 63 
This may be expressed as a second-order transfer function 
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Ss 04) s oh Woe 


A(s) 


H(s) = K el Seana 
st+(@ /Q-)s +w 

op 85 Oop 
where p stands for "pole" and z stands for "zero" so that 0, is the 
pole frequency of the filter, and so on. Filters may be cl 88sified by 


the properties of the poles of H(s), that is the zeros of A(s). 


The characteristic equation A(s) = 0 may be divided into two 
parts, the "active portion" and the "passive portion" where the latter 
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is independent of the amplifier gains K and/or K, and is given as 

the product of the denominators of T and T¢ : We may denote this 

by D465. For a second-order transfer BEE RRL the product Dy43D65 in 
A(s) = 0 must be of the second order. There'are, therefore, two 


possible cases: namely 
Case 1: D,3s) and Des (s) are both first-order polynomials: 


Case 2: one of them is unity (zero-order) and the other is a 
second-order polynomial. 


Case 1 yields first order decomposition filters and case 2 yields 
second order decomposition filters. 


Whereas the passive portion of the characteristic equation 
determines the type of filter in terms of the order of the decomposition, 
the active portion determines the class of a filter. If we express the 
active portion as 


where the a.'s are functions of the amplifier gains, then we may define 
the classes of filters as follows: 


ClacsuAys..a e10e sae ="0. a. =.0 


2 1 0 
Class A : ane 0, ors oO; ay #0 
Claes 8 3 a O32 ay #0, ay = 0 
€lass Cr: a, #0, ay #0, ay = 0 
Class C : tae 0, ay # 0, ao # 0 
Class 0D": ay # 0, a, = 0, a # 0 
Claes "kh a, # 0, ay # 0, ay #0 


It should be noted here that classes A and C may be derived from A and 

C, respectively, using Mitra's RC:CR transformation [46]. A filter 

is completely classified by specifying the order of decomposition and 

the class. Thus a class 2B filter belongs to a second-order decomposition 
type whose characteristic polynomial falls into class B, and so on. 


In second order decomposition filters the amplifier Ky, if present, 
has a constant (frequency independent) local feedback and constant 
cross-coupling. Thus it is the type of local feedback and cross-coupling 
that determines the parameters and performance of the filter. 


Although the general flow graph for decomposition filters is of 
the same form for-first and second order filters (see Fig. A.1), the 
actual graphs differ greatly when the branch gains are defined. Expressing 
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Fig. A.1. Second-order canonical flow graph 


Table A. 1. Summary of gain-sensitivity relations for Class 2X filters 


: ActiveQ | Active > Passive Q 
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these gains in the form 


N, , (s) 


then the poles of the filter may be obtained from the characteristic 
equation with much ease. The zeros of the filter, however, are much 
more difficult to determine. There are two properties of these gains 
that simplify the analysis [38]. Since the Ty, functions are transfer 
functions of passive networks, all branches ending on the same node 
have the same denominator. Thus 


D.. = Dek daaw and. = Dea =p 


Also the coefficients of Tj; in the numerator and denominator must 
satisfy Fialkow-Gerst conditions. Expressing a branch gain of order n 
in the form 


N..(s) Bont ye tee set 6 
Tits pee ag ee Tle 8 
3 D..(s) n 
14 18 TF GoGo) Te ¥,s ae Yo 


then the coefficients are bounded by the relationships 


Mone (ad Ce A recog ae ee ae 


- Further simplification is achieved if we define coefficients of 
st (i=0,1,2) with two subscripts, the first one denoting the node on which 
the branch terminates and the second corresponding the power to which 
s is raised. Thus a39Q + a3]5 + a32s¢ is a denominator function for 
second order branches terminating on node 3, and similar expressions may 
be written for other branch gains. The general form of important functions 
is given in Table A.4 where a, b, and c are constant coefficients. 


Unlike first-order decomposition filters, second-order decomposition 
filters can be realized with a single amplifier, and this is a great 
saving in terms of components. Also lower sensitivities are obtained 
in second order filters but with higher amplifier gains. 


Any RC filter composed of one or more amplifiers may be categorized 
into one of the 13 classes shown in Fig. A.2. Here it is shown that for 
each "active" class, say A, the characteristic polynomial A(s) and root 
locus are the same regardless of the decomposition group, but the flow 
graphs are different (e.g. for 1A and 2A). Sensitivity relations are 
given in Table A.1l. 


The classification can be carried out by inspection using the 
feedback network transfer functions summarized in Tables A.2 and A.3. 
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Class 1X 


Root Locus and Determinant 


Class 2X 


k=-—o 


A(s)=(s+ a,) (s + a,) = ka,a, 


HPF 
r LPF) 
5 


(o 
4 

3 kK, LPrOan KS 
(or HPF) 


A 


A (s) =(s + a,) (s+ a,) — k(s + a.) (s + a,) 


Fig. A.2. Summary of root loci and flow graphs 
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To design a filter for a given task, one looks at the constraints 
at hand, compares the gain requirements and parameter sensitivities of 
all possible networks, examines the tradeoffs involved, and finally 
decides on the practical circuit. The whole design philosophy depends 


on root locus and a parameter variation minimization strategy depends on 
the class of filter being realized. 


TABLE A.4 


POLYNOMIALS USED IN TRANSFER FUNCTIONS 


ORDER OF FILTER 
FUNCT ION FIRST SECOND 
= A ee 
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APPENDIX B 
RC OSCILLATOR CLASSIFICATION 


Oscillators are conditionally-stable active filters, usually 
of second order, whose poles are adjusted to lie on the jw-axis at 
S=jWo and whose inputs are grounded. 


From second order filters having gain 


H(s) = PS = ae 
(s/w_)” + 2c(s/w )+ 1 
oO fe) 
second order oscillators are obtained by setting ct=0 or Q=™- Passive 


RC networks are characterized by ¢7>0, and thus oscillators can only be 
realized when the coefficient of s! involves at least one amplifier gain 
(K, or Ky). Therefore only active filters with sl variation in the 
active portion of the characteristic polynomial. can be used to realize 
oscillators. From the discussion of Appendix A, this requires that ay 
be nonzero. 


Equivalently, the root locus should cross the jw-axis while gain 
isstinite. Using ithe abovesfiacts and with reference to Fig. A.2 it is 
clear that classes A, A and D oscillators CANNOT be realized. Hence 
oscillators can be realized in classes B, C, io and E only [38], Parle 


Gain and sensitivity limitations for filters (Table A.1 in 
Appendix A) may be applied to oscillators by letting Qwm, 


Class 2B oscillators are attractive for integrated circuits. They 
are simple, and they have low gains and zero active w, sensitivity. The 
only drawback is that they have high pole angle sensitivity. 


The Wien bridge oscillator belongs to Class 2B which includes 
other classical oscillators like RC phase shift, twin-T, and bridged-T 
oscillators. Based on the discussion of Chapter II, the Wien bridge 
oscillator is the best choice for integrated circuits. 


In tunable oscillators w, can either be gain-tuned or passive-tuned. 


Class B oscillators have an inherently constant wo. They can, however, 
be gain-tuned using appropriate amplifiers [9], [47]. 
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